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I OFFICE OF NAVAL RESEARCH

j A/D Converter

Second Annual ReportI
1.0 INTRODUCTION

This report describes the second year of work on contract number N00014-
79-F-0005. The work has the following general goals:

l Demonstration of a superconducting 300 megasample per second
A/D converter within the first three years.

Demonstration of a superconducting A/D converter operating
well into the gigasample per second region within five years.

IDuring this second year the goal for the third year was essentially
accomplished and described in a publication in Applied Physics Letters
on an A/D converter operating between 200 and 7U megasa per second.
This remarkable success, in a totally new technology, was the result of
advances in three areas:

Early in the reporting period, the catalog of processes
necessary for fabricating superconducting integrated circuits
was completed, and the first circuits were successfully
demonstrated. This work had been the primary subject of

1the first year's contract.

Simulations of the threshold curves of two- and three-
junction interferometers enabled understanding of
experimental measurements of the first circuits.

A simple A/D converter design was invented. The design
1greatly reduced the complexity of the expected chip layout

and testing, making possible an early demonstration of a
4-bit A/D converter.

In Section 2 we summarize the main portion of the work. Details are
presented as reprints in the Appendix. The work described is the demon-
stration of a very high speed superconducting A/D converter, the calculation
of threshold curves of interferometers, theoretical analysis of an
alternate design of an A/D converter, and experimental and theoretical
work on striplines.

In Section 3 we describe other work, supported by ONR, but under a
different contract. Much of this work is closely related to the A/D
converter work. We discuss the demonstration of a 9 ps risetime samplerJ and a demonstration of the quietest known microwave mixer at 36 GHz.

!
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I
Section 4 contains a discussion of those few elements of the project
which have not been submitted for publication. These are a complete
description of the present fabrication process, the details of the
process for fabrication of resistors, the fabrication of several test
circuits, and a few comments on factors limiting yield.

1 2.0 CONTRACT WORK PUBLISHED IN THE LITERATURE

The work which directly resulted from the ONR contract on high speed A/C
conversion will result in five publications. These papers are included in
the Appendix and are described briefly below:

2.1 Multiple-Quantum Interference Superconducting A/D Converter

R. E. Harris, C. A. Hamilton, and F. L. Lloyd
Appl. Phys. Letters, July 15, 1979.

This paper describes the essential work under the contract. A novel
design was invented for a very simple, fully parallel A/D converter.
The design makes possible an N-bit converter using only N gates. The
Gray code output of the converter results naturall from the design.
Sampling rates for the two bits tested were 2 x 10 per second. Con-
ventional sampling meagurements on one bit suggested the entire device
will operate at 7 x 10 per second. The major limitation appears to be
cross-talk between the leads to the chip. It is expected that9future
versions of the devices will operate at speeds well into the 10 samples
per second region.

2.2 Analysis of Threshold Curves for Superconducting Interferometers
R. L. Peterson and C. A. Hamilton

jJ. Appl. Physics, 50, 8135 (1979).

Theoretical work in support of the experimental demonstration of a very
high speed A/D converter was concentrated on the analysis of threshold
curves of superconducting interferometers. These devices are the gates
used in the A/D converter. The details of their interference patterns

1provide the basis for the operation of the A/D converter.

In the absence of perfect fabrication and testing in a zero-field, zero-
transient environment, superconducting three-junction interferometers do
not behave in the ideal manner described previously in the literature.
This theoretical work provides a description of non-ideal behavior due
to asymmetries in junction critical currents and loop inductances, and
due to trapped flux. The work provides the basis for understanding how
nearly identical critical currents and loop inductances must be in order
to achieve interferometers having the required characteristics. It
further provides motivation for using two-Junction interferometers in

I the future, rather than three-junction ones as in the past.

1, 2
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I 2.3 Analog-to-Digital Conversion with a SQUID: Conditions for a
Countable Pulse Train
R. L. Peterson
J. Appl. Phys. 50, 4231 (1979).

This work provides a theoretical analysis of a different type of super-
conducting A/D converter than the one demonstrated under the contract.
This one is based on a Josephson Junction in a superconducting loop (single
Junction SQUID). The device generates pulses as the magnetic flux through
the loop is raised and lowered by an applied field. Counting the pulses
provides a measure of the analog value of the magnetic flux. The work
determines conditions on circuit parameters required for well-resolved
pulses. The capacitance is shown to be especially critical.

2.4 Attenuation in Superconducting Striplines
R. L. Kautz
IEEE Trans. Nag. MAG-15, 566 (1979).

Superconducting striplines provide an important part of the advantage of
superconducting electronic technology. They are essentially lossless
and dispersionless, providing the coability of transmitting signals with
frequency components in the THz (10 ) region over relatively long distances.
This work provides an experimental measure of the losses in such lines. At
4 K the attenuation between 50 and 500 MHz is proportional to frequency andprobably results from dielectric losses. Extrapolation of the dielectriclosses to 10 GHz yields an attenuation of 10 dB/m, leading to losses accept-

able for most microcircuit applications where stripline lengths are 1 cm or
less.

2.5 Miniaturization of Normal-state and Superconducting Striplines
1 R. L. Kautz

J. Res. Nat'l. Bur. Stds. 84, 247 (1979).

Theoretical work has been performed to quantitatively determine the advantages
offered by superconducting striplines, as compared with normal ones. The work
employs all of the relevant theory to characterize both superconducting and
normal striplines. For normal conductors, the Reuter-Sondheimer theory is
applied in order to account for the effects of finite film thickness and mean
free path. For superconductors the Mattis-Bardeen theory is used In order to
include effects due to the energy gap. Comparisons are made for three example
conductors: copper at 295 K and 4.2 K and niobium at 4.2 K. Simulations of

* pulse transmission on lines having 0.2 micron dielectric thickness indicate
limitations of the copper lines for transmitting 50 ps pulses (half-width at
half-maximum) more than 0.1 cm for 295 K and 1.0 cm for 4.2 K. On the other
hand, superconducting lines will carry 1 ps pulses 10 cm with little distortion.

3
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1 3.0 RELATED PUBLISHED WORK SUPPORTED UNDER OTHER ONR CONTRACTS

Additional work has been supported by the Office of Naval Research under
contract number N00014-79-F-0020 and, of course, by the National Bureau of
Standards. Much of this work is closely related to the ONR A/D converter
work for two reasons. First it demonstrates the technical capability which
the Cryoelectronics Group can bring to bear on the A/D converter problem,
and second, it provides tools which can be used in future A/D converter
work. Two relevant papers are discussed below and also included in the

IAppendix.
3.1 A Superconducting Sampler for Josephson Logic Circuits

C. A. Hamilton, F. L. Lloyd, R. L. Peterson, and J. R. AndrewsI Appl. Phys. Letters, Nov. 1, 1979

A superconducting on-chip sampler has been developed which measures risetimes
as short as 9 ps. The sampler uses a single biased Josephson junction on the
chip containing the signal to be measured. The junction converts a given
signal level to a time delay which is measured outside the cryogenic region
by a conventional sampling oscilloscope. Such samplers will be used in the
future to fully characterize the speed of A/D converters.

3.2 Quasiparticle Heterodyne Mixing in SrS Tunnel Junctions
P. L. Richards, T. M. Shen, R. E. Harris, and F. L. Lloyd
Appl. Phys. Letters, 34, 345 (1979).

The fabrication technology which has been developed was used to fabricate
microwave mixers which were evaluated at 36 GHz and found to be the quietest
mixers yet developed for that frequency. The work was done in collaboration
with the University of California at Berkeley where the testing was done.
Although the mixers were superconductor-insulator-superconductor Junctions
which exhibited the Josephson effect, it was the energy gap structure which
provided the basis for the mixing. The project is continuing in the direction
of multiple junction series arrays and higher frequencies.

- 4.0 UNPUBLISHED RESULTS

This Section describes some unpublished results which may be useful to
others in the field. All of the work was either on a procedure necessary
to accomplish other goals, or was on a device built and tested in order
to learn the technology.

7 4.1 Special Equipment

A variety of special pieces of equipment are now in use and are described
* below. Many of these items were specially designed and constructed for

this work and have played a vital role in the accomplishments to date.
Of particular interest, several items of test equipment were required for
the characterization of our superconducting A/D converters.

1 4
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4.1.1 High Speed Probe - The most crucial item has been a probe for mounting
the sample integrated circuit chips and delivering to and from them high
speed signals over a large number of lines. The basic design of this device
was reported last year. Since then five more probes have been built with
numerous changes designed to improve the three most important requirements:
contact reliability, large bandwidth, and absence of crosstalk between lines.
Contact reliability has been improved by developing a special printed circuit
board on which the contact fingers are formed from beryllium copper and thus
have individual compliance with every chip pad. Bandwidth has been improved
by better matching the contact finger striplines to the 50 ohm coaxial
cables which carry signals to room temperature. Crosstalk between power
supply and output signals has been identified as a major problem in high
speed testing. The crosstalk in our probe is largely a result of excess
inductance in making a common ground contact to the ground plane on the
chip. Crosstalk has been reduced by about a factor of four by a modification
which reduces this inductance. Further reduction is required and will be
accomplished by a new probe design in which each signal line has its own
individual ground line to the coaxial shield.

4.1.2 A/D Converter Test Electronics - Another item of test equipment
designed and fabricated this year is an electronics box for interpreting
A/D converter output. This box allows a direct plot of the input-output
characteristics as shown in Fig. 2 of Appendix A. It consists of (1) four
low-level voltage comparators to convert Josephson logic levels to CMOS
levels, (2) a Gray code to binary code converter, and (3) a D/A converter.
This device has proved to be invaluable in setting the drive conditions for
accurate A/D converter operation.

4.1.3 Deposition System Automation - The vacuum system in which lead alloy
films are deposited and in which oxidation is done, has been significantly
automated. The automation eliminates many possibilities for human error and
speeds the process. The greater speed of the film thickness monitor now in
use also increases the degree of control over film thicknesses. The system
performs the following functions: the proper source is moved directly under
the substrate, the source is heated and the evaporation rate is controlled, the
shutter is automatically opened and closed, and the process is repeated for
up to a total of four layers.

4.1.4 Move into Clean Room - All of the fabrication equipment has been moved
from an ordinary laboratory into a Class 300 clean room. The move not only
eliminates dust, but also centralizes the optical mask making, fabrication,
and soon-to-be-installed electron beam fabricator. The move has required
significant time during this contract year, but overall it should prove to be
extremely beneficial.

4.2. Present Fabrication Process

The present fabrication process is slightly different from that described
in the last Annual Report. Although it is much like one in the literature(1), the films are about 20% thinner. The process is described here in its

entirety and summarized in Table I.

!S
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1 4.2.1 Substrates - The substrates are silicon wafers which are insulated with
SiO(2). These wafers have a 2 inch diameter and 0.010 inch thickness. They1 are purchased from an outside vendor with the St0(2) already formed.

4.2.2 Layer 1: Niobium Ground Plane - Niobium is deposited onto the wafer by
e-beam evaporation in an u-ra-high vacuum system. The films are nominally

J 4000 Angstroms thick. They are subsequently patterned by selective etching.
The parts which are not to be etched are protected by a patterned layer of
Shipley AZ-1350J or AZ-1370 photoresist. The etchant is a mixture of 1 part
hydrofluoric acid, 9 parts nitric acid, and 20 parts water, all measured by
volume. The etching is done at room temperature.

4.2.3 Layer 2: Nb(2)0(5) Ground Plane Insulator - The Nb(2)0(5) insulation
I is formed by anodizing the Nb ground plane. Some areas of the ground plane
I must remain uninsulated, however, to permit electrical contact. One might

think of using Shipley 1350 Series resist to protect these regions from
anodization. However, the anodizing solution is a solvent for this resist.
Therefore, the areas of niobium which are to remain uninsulated are coated
with 1000 Angstroms of aluminum patterned using the lift-off process. The
anodization is carried out in a solution (2) of 18 g or ammonium pentaborate in
200 ml of ethylene glycol at 70 C. The thickness of the Nb(2)0(5) is approximately
proportional to the anodization voltage, the ratio being in the range 22 to 24
Angstroms/volt. Layers of 700 to 2000 Angstrom thickness have been made. The
protective aluminum layer is removed in 50% H(3)PO(4) at 60 C.

It is our impression that the present IBM process employs photoresist to prevent
regions from being anodized. Such a process might be faster than the one
discussed here.

4.2.4 Layers 3, 6, 9, and 11: SiO - Silicon monoxide is evaporateg in a high
vacuum system, with a pressure -ing evaporation of about 1 x 10" mm Hg.

- The material used is a powder which is evaporated from a baffled source
designed especially for SiO. Both powder and source are commercially
available. The SIO is evaporated at a rate of about 20 Angstroms/s.
The thicknesses used are layer 3, 2500; layer 6, 3660; layer 9, 7200;
and layer 11 (rarely used), about 10000 Angstroms.

4.2.5 Layer 4: AuIn(2) Resistors - The material used for resistors is
Auln(2), an intermetallic which is present in the base electrode of the
junction. Resistors consist of 46 wt. percent Au and 54 wt. percent In.
square within a few percent. The layers are deposited with the following

thicknesses: In, 165; Au, 107; In, 165 Angstroms. No difficulties have
been experienced with these resistors. They have shown negligible
resistance change with up to 20 thermal cycles and room temperature
storage for one month.

6'1
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TABLE I

Layer Material Thickness Function
(Angstroms)

I Niobium 4000 Ground plane. Defines magnetic field
configuration near junctions and forms
striplines from conductors above it.

2 Nb(210(5) 700 Insulator above ground plane.

3 SiO 2500 Additional insulator above ground plane.
Low dielectric constant and readily
variable thickness permit good control
of stripline impedance.

4 AuIn(2) 437 Resistors for terminating striplines,
voltage dividers, damping interferometers,
etc.

5 Pb alloy 3280 Junction base electrode and stripline
Pb C88%) conductor.
In C8%)
Au C4%)

6 SIO 3660 Forms window through which barrier is
formed. Minimizes anomalous effects at
Junction edges.

7 Pb(x)O(yl 20-50 Insulating tunneling barrier formed by
* oxidizing base electrode.

8 Pb alloy 4040 Junction upper electrode.
Pb C98%1
Au (2%1

9 SiO 7200 Insulator between junctions and control
, leads.

10 Pb alloy 8002 Control leads for junctions and Additional
stripline conductors.

11 SiO 10QQQ Protective layer for entire circuit.

7



4.2.6 ayer Pb-In-Au Base Electrode - The base electrode is formed
by a evaporation of In, Au, and Pb having thickness 400, 80,
and 2800 Angstroms respectively. During the baking of photoresist for
the next layers, these films intermix to form a homogeneous alloy. The
heat treatment is at 70 C for 25 minutes.

4.2.7 La er 7: Tunneling Barrier - The tunneling barrier is formed by
oxtdiziWe base electrodethrough openings in the photoresist pattern
for layer 8 and, usually, the SiO of layer 6. The oxidation process is
described in three publications (3-5) and other references therein. It
involves using rf sputtering in oxygen to remove the surface of layer 5.
Since the surface continually reoxidizes, an equilibrium between the
rate of removal of material and the rate of reoxidation occurs. The
equilibrium takes place at a specific oxide thickness essentially in-
dependent of the time taken (beyond a few minutes). The oxygen pressure
and the cathode self-bias voltage are carefully controlled to produce
the desired thickness.

4.2.8 Layer 8: Upper Electrode - The upper junction electrode is formed
through a sequ'ent al deposition of Pb, Au, and Pb, having thickness
2400, 40, and 1600 Angstroms respectively. This deposition immediately
follows the formation of the oxide tunneling barrier (without opening
the vacuum system). Homogenization of the alloy is promoted through
baking of the photoresist in subsequent steps.

4.2.9 Layer 10: Pb-In-Au Control Lines - This layer is formed from the
same al" s te base electrode. H-ow-ever, it is thicker to provide
good edge coverage over the intervening layers. The presence of indium
in this electrode promotes its connection to other lead layers. If
indium were not present, connections to other layers would be Josephson
jutictions, rather than the superconducting shorts which are desired.
The thicknesses used are In, 976, Au, 196, and Pb, 6830 Angstroms respectively.

4.2.10 Design Rules Usually Used - Detailed design rules have not been
worked oXt However, several practices seem plausible and are usually
followed.

4.2.10.1 Step Coverage - It has been found that step coverage is adequate
if every layer is at least 400 Angstroms thicker than steps it mustcover. This procedure provides adequate yield for the circuits we have
fabricated to date.

4.2.10.2 Metal Layer Interconnections - It is thought that interconnections
* between metal layers are superconducting only if there is indium in the

upper layer. The indium combines with any residual oxide at the interface,
producing a short. Even with careful sputter cleaning of the interface
prior to deposition of the upper layer, shorts are not formed without
the upper layer indium. Thus there can be no interconnections (except
Josephson junctions) between the counterelectrode and the base electrode.
Connections between the counterelectrode and resistors are similarly
ayoided. Thus connections may be formed between resistor and base or
control electrode, and they may be formed between counterelectrode and
control electrode. Connections to the ground plane are from the base
electrode, and Infrequently from the control layer. No other interconnections

Jare permitted.
8
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4.3. Process for Fabricating Resistors at One Ohm/Square

It is useful to be able to deposit resistors of sufficiently high
resistivity so that the length-to-width ratio of most resistors can be
fairly low. Since the usual range of resistance we expect will be
between 1 and 100 ohms, a resistivity of 1 ohm/square is satisfactory.
The one reference available (6) at the time the work was done describes
resistors having thickness of 2850 Angstroms and resistivity of 0.045
ohms/ square. The material is AuIn(2) deposited in a layered form in

, the order In-Au-In. We have tried this prescription and achieved a
resistivity of 0.03 ohms/square. In order to increase the resistivity
we decrease the film thickness while maintaining the ratio of In to Au.
Achieved values of resistivity as a function of thickness are shown in
Fig. 1. The curve is not quite smooth, probably because of errors due
to our quartz crystal film thickness monitor. A sample error bar is
shown for the left-most point. No changes in resistivity greater than 2
percent with room temperature storage or thermal cycling have been
observed during a 20 day storage period and up to 23 thermal cycles. It
appears possible to fabricate resistors having values within ten percent
of that desired. Often results are within a few percent. Indeed the
resistors are the most repeatable part of our fabrication process.

A new film thickness monitor has been installed in order to sample the
film thickness more often (every 0.2 s compared to every 1 s before).
In this way better control of thickness is expected.

4.4 Test Circuits Including 7-OR String

The following test circuits were fabricated and evaluated:

1. Shorts from the base electrode to the ground plane. Areas
of SQ x 50 microns were found to have critical currents in excess
of 40 mA. The standard size ground plane short now used is 20 x 20
microns and has a critical current known to be greater than 5 mA.
Exact values of the critical current have not been determined as such
measurements have not been required.

2. Numerous transmission lines. It is important to be able to
predict the impedance of such lines. Impedance was calculated
from

Z = C377/W)*CCSl+$2+LI+L2)*(.Sl/el+$2/e2))**(1/2)

where W is the width of the line, Sn is the thickness of the nth
dielectric layer, Ln is the penetration depth of the nth metal
film, and en is the dielectric constant of the nth layer. This
formula assumes metal films which are thick compared to their
penetration depths and wide compared to the dielectric thickness.
As an example a 12 micron wide, lead alloy line was placed over a
niobium ground plane covered with 1173 Angstroms of niobium oxide.
The dielectric constant was assumed to be 29, the penetration depth

I
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for the lead alloy was 1370 Angstroms, and for the niobium was 860
Angstroms. The calculated impedance was 1.17 ohms while that
measured was 1.55 ohms, a difference of about 25%. However, when
an additional layer of StO, 5000 Angstroms thick, was added to the
niobium oxide, the calculated impedance was 9.30 ohms while that
measured was 9.52 ohms. The assumed SiO dielectric constant was 5.The difference in this case is less than 3 percent. These results
suggest an error in the niobium oxide thickness.

Currently a more sophisticated formula is used to calculate impedance.
The formula was obtained from Wen Chang of IBM Research, and is
about to be published.

3. Junction matched to external transmission lines with 50 ohm
resistors in order to evaluate risetime of probe. The probe rise-
time was found to be about 50 ps for a signal travelling on to
or off a chip.

4. Bridge-type interferometer having two control lines. This
device was the first fabricated which permitted logic to be per-
formed. The functions AND, OR, exclusive OR, and NOT were per-
formed at 25 MHz and provided our first experience with the dif-
ficulties of high speed testing.

5.0 ANTICIPATED FUTURE PROCESS CHANGES

1. A new upper electrode alloy has appeared in the literature
(7,8). The alloy is 29 wt. percent bismuth in lead, deposited by
evaporation from a premixed source. This material is reputed to
provide reduced excess current, greater yield, and greater cor-
rosion resistance. Initial experiments involving this alloy were
unsuccessful, producing only uncontrollably high critical current
densities. Further work is planned.
2. The use of thinner films (9) should improve cycling durability

and improve edge coverage.

3. A niobium anodization process using photoresist instead of
aluminum would speed that part of the process.

] 11
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ouvao.The skmpl "~ parallel lbur-bit comvirsr which is dI I 'it the fisiatkow. use
of thie eFec ms adiglea cr-uA Sompling room of 2 X 10' per seca w er e d i muchI higher raes "arnponls,

PACS assberw 06 A6W@. 74J + r, 0fl.70.DM. O6.7.Ep

Thut leter demcribes the Ame known urse hna digital cir- . I - - __ - -rl91 is then rai from zero, to a predetemedIcl of the multiple lobes of the thresholdf cuine Of a Super- level 4. indicae by the vertical arrow. MI4.. is Saoe
conducting inserferomete. Although digital application of the threshold cus we 4(I Q, the interferometer switch. to
such imerkromeler have baem known for several yeSS,' the votage state; otherwime it does NIL.
only the first lobe has bae used previously. An analog-to- Aoiogle interferomterit ami sogmrlaingle bit of
digital (A/D) converier ming multiple lobes has bees pro- the output:o am A/D converer, by chom%,g ,~. so that

* ~~pained."- We demonstrate a realization, Ofthisl concept ha th diafrA o mesrsichesor doe wih for" -Wie
four-bi A/D converter operating at a rat Of 200 mqPegaa- intervals, ofcontrol curremt. By makin the control current
pi pe- ecr An' ,nce to rates well above one gigns- the analog signal to be difitized, the voltage output Of the
pie per mood may be possible. gate V, is one bit of the digital value of the signal as iflmtrat-

This experiment maes us of four current compare- ed in FWg 2(b). To tak. repeatedi ammpiss, ~is cyclically
tors, each comitting of a Josephaon three-junction interfer- variedh bewenanud
ammeter which has the junctions connected in parallel by an- The nex matn significans bit can be generated by ex-

* percanducting loops.' A photograph of one of the pending the bit patter of the lea signifiantl bit by a factor
interferometers is shown in FWIg 1(a) The center junction of 2. The expansion is produced by reducing the coupling faa
has twice the critical currnt of each of the symmetrialy second interisrometer to the control line by a fato of 2.
arranged outer jnctions. Such an interferometer has a cur- Similarly, the third and fourth bits are generated by fusrther
rent-voltage characteristic like that of a single junction. Its expanding the bit Patterns of thir and fourth itefafeomet-
maximum 0OV current 4. (threshold current) is modulae eam Thus only four interferometers are required for A/D
by an applied magnetic field in a way determined by the conversion of four-bit accuracy. Moreove, minc theme inter-
junction critical currents and the loop inductances. The ferometeri; operate in parallel, maximum speed is achieved
junctions are sufilciently small (about 4jum square) that the with all four bits being produced emsentially simultaneously.'magnetic fild used have iftligible effect on them directly. In general, only N interfrometers ame required to digitize to
By choosing Lio , a threshold curve like that Shown in N-bit accuracy, with little decreas in speed neededl for sii-
Fig. 2(a) is obtained. Here L is the inductance of one of the tional bits.
superconducting loops, io, is the critical current of one of the

j outer junctions, and #0 is the flux quantum k /2.
The periodicity ofthe threshold curve is a manifestation

of quantum interference occurring in the intenferometer. mnaIThe net phase chang of the wave function describig the
supevrconducting loops in the interferometer increases inu'
proportion to the amount of magnetic flux applied through OM
the loops of the interferometer. A net phas change ofv 2iITFM

* corresponds to one additional flux quantum peneutraig the
* ~~loop. The thresholdf curve repeats whenever two adtoa

flux quanta are added. In a two-junction' itreoerhe Ufa meMau
curve would repeat Lu each additional flux quantum aI To use this interferometeras a current comparator, a
magneti field is applied equally through both loops, The1magnetic field results from pean" a current 1,, through a
control line above the interferometer. Its elect is Miltated PL
by the horizontal arrow in Fig. 2(a). The curret through the W

'Work suppuwi n pwt by The 01w of Neuid Ramnb umiw cMaci FIG. 1. (a) Phaeogispli of one at th. four itarromuss in the A/Doa-
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each inteferomamer to be insensitive to alight misalignmentN ~V t..during erconIiThe a have bean tested with a pat cur-
-rno having a &qUOY (.L., smpli ram) of 30 WIHL

vs, Due to equipome limitations only two of the fur bits were
~Jfl~fJ~I~l~tesam at this speed. They were found to produce output

which repent synchronously with a nominaly 30.MHz i-
- - naL In this sue, the converter has been demommnetrd to

- -, - operate at2 m siemples pr,,omd.DBud on the ob-

.v...... . .... switchintimeswebelie thatthe d s
will opet Popery at rates up to sau 7d0 megamplus

eel per second. Improving the pround plane contacts should al-

01,, v,- low the converter to operate at much higher ram. Rpd
o ,,-- switching tim ' of 42 pa for these devies must rawt wall..-- above I gimsmple per secod.

To use. the accuracy of the ful device, conventional
1d) CrcuItly was used to convert from Gray code back to an

aPW cwvmt t6, 1 analog sOL The resulting output-vs-input curve (Fg.
F=2(d)] is monotonic with a maximum error in stp width of(O.7
Pa0. 2 (a) OT od curve shoWi mmmum u Wo v- curt. - least aigniicant bits. These iemseramts were pegforme
a dh - o -co ()rol uamt I kin m cr e W at about 10 megasamples per second with the silW swept atdshow by dashed Mae. (b) Output vlap, r almA I~j a ftmcim or

Wcoeo corrt (c) Acta bet panem for the four-bet A/D covemr. (d) a few hundred hermz.
Valeh edtal o uu otm a aveur, v 4U mios The (ruood). othe ignal to the mterferometm was

determined to be in the ratio 12:4:8 within about 1%, indi-
ting that this design amy be suitable for converters of6 to 8

bits.
Figure I(b) shows a complete four-bit converter. The The initial tss of this A/D convetr deign sor

observed bit patterns for this converter are shown in Fig. from v in interferometer caracteristics, trapped
2(c). This pattern is Gray code representation ofthe analog lux, d the general dicul of igh-speed testing in
signal. Gray code ias frequently used in A/D converion since addition the ultimate accuracy ofthe device my be limitd
only one bit changes a the signal crosses from one digital by dymic eect includin the switchin nd

level to the next. Another signilant feature of this A/D signal line tranients caused by switchins. Nevertheless the
converter can be realized by adding a second control line to desip appears to ofer pat promise for sig nilcady higher
each interferometer. By applying a dc bias through one of SPead in the futur
these control lines, the bit pattern from that gate can be shift- It is a pleasure to acknowledge helpfid conveations
ed to valua of higher or lower current. Using this feature, a with T. Fulton, L. Geppert, D. Herre and H. Zappe. .
variety of unique codes can be produced. Peteon misted with the understanding of the threshold

Superconductng A/D convertersofthe type described curves. D. McDonald provided constant encorasent.
have been fibricated with two converters on each 6.4-mm- and L. Mulem assisted with the fabrication.
square chip. The inteferaometers are much like those de-
scribed in Rad. S. although they ame scaled up i linear size by
a factor of 4 to make fabrication simpler. The circuits con-
tam renWmos for dIaping the inlerferomer resonaes and H.H. Zafpp. AppL Phby La. 27.432 (1973.
for t inating tranmission lies. The impedas. f the 'A - I s e-r- eheasm A/D mavem wa rn.ep-

ed by K iM. niC ISK 30 M(19M7)st'ipnM on the chip are chasm for proper t hiBg to the 'HAL .zPPe. IBM Tchk. DimL (t 17.3033(19M5. Zae pap d&
interferoetrm impedances The coupling of the signal to the scribe a ,se med tr- - .1 m -- bibhut .a t
intafameters, is varied by adjusting the length of the coa- em,,im of the pem - rm ma bi to sh am by c se md .

tinso Othe Warbrmamms Thi P"I"e apprmas om 60 shMsWtro line above the itr&rumeta in the ratios 1:2.4:8. As ptA m dw moe or opio npmed ins so M mas m bowing
can be sen in fg1., the control line is diverted around the easo r e t hrn-,hdshm bi,
portion of the wide c a 'crd Passing over the iRtf- As optim laub e ma10g of she Prm SMUM is i, by H.
fermetr. i this reion the couaterelectrode provide Tsylo Procm 1333 6 IM 5 (19M5) Api. PhAm L L. S99 (191).
shieldng which is a readily crulr t perk J.H. Oriaw, DJ. HmLd mul & Klipmr, 131B Tmu If. MdAQ-

ontrol-lime am ennt casesm th couling to subhalf Of W5 412 (979).
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Analysis of threshold curves for superconducting Interferometers
R. L Pelmon Wd C. A. Hanlon
Zleu,,,quew* Thakw isim Na~a , w are. v /Sauudski Bud. Caelo MoJ

Otaceived I ume 1979, accepted for publication 4 Augst 197

Threshold curves for multijunctien suprcuctig int emewn have been calculatd
previously, showing general agreement with observed features, especially in symmetric cas. We
here add some more details to the analysis, paying particular attention to the effecm of
asymneties in couplin. inductance, or critical currents. Feed4oop inductance and flux
quantization in the feed loop can be important A chagin lobe pattern over many periods
asymmetries within a period, shiAing patterns between rum spanning a warm-up, and sudden
changes in pattern because of noise in the environment are all quantitatively explainable on the
basis of this model. By use of a single "calibratim curve", the inductance for symmetric two- or
three-junction interferometers can be obtained immediately.

PACS numbers 74.0. + r, 85.25. + k

S I. INTROOUCTION junction of critical current 4,, and the summation is over all

A superconducting interferometer-a device contain- junctions in the interferometer. This relation is subject to the

ing two or more Josephson junctions connected in supercon- constraints imposed by fluxoid quantization within each
ducting loops-is attractive for use in logic circuits because loop, which may be written, for loop k,

of its high sensitivity, highspeed, good current transfer, and
small heat dissipation It can also be modeled quite accurate- A MO. + I (L' , + Oi Oo/2r) - .k 0

ly, as we hope to emphasize in this paper. One characteriza- -0. (2)
tion of such a device is isthreshold curve, l.(B)orI. (1),. In Eq. (2),$, is the external flux in loopk, whether intan-
where/, is the maximum bias current the device can accom- tional. as from a control line, or accidental, as fm flux
modate before developing a voltage, and 1, is a control cur- trapped earby in a ground pln Also 1, is the current
rent, whose magnetic induction B threads the loops of the flowin th roundane L1 , - , is
interferometer. The calculation of these threshold curves, or flowing through inductance L, o=2.0685 x 10- "Wb is
certain properties of them, has been the subject of nmy the flux quantum, and N, is an integer. The summation is

papers.'" ove all inductances and junctions in loop k, and may also

The purpose of the present paper is to extend the analy- include mutual inductances from other loops. To find the

sis of the threshold curves in several directions. The empiri- extrema of ,, one uses the technique of Lagrange multipli-

cal curve obtained by De Waele and De Bruyn Ouboter for a er. forming

double-junction interferometer, which provides a method (3)
for the rapid determination of the inductance of symmetric 0 A

interfemeters, is shown to be valid for the three-junction and requi i ng a/ar - 0 and ar/ , O. The st of
interferometer as well. Approximate analytical expressions these conditions simply reproduces Eq. (2). The second cre-
for this curve are developed. We show the importance of ates a set of equations which overdetermine the A,, thus
including parameters of the feed loop-40th its inductance imposing relations among the 0. The sets 101, 0, ... 1 con-
and possible trapped flux-in the analysis. The effects of sistent with these relations are the allowed solutions. The
various asymmetries, whether in junction critical currents, threshold current . is found by substituting these values,1 loop inductances, or flux coupling, are discussed in some into Eq. (1). Generally the sum ofallfk - 0 equation results
detail We also su e the salient features of the thresh in a convenient equation into which the solution set
old curves, many of which have been mentioned before but 01, 2, ...1 is substituted, thus giving the value oflh or total
not in one place. Finally, we make comparisons with some flux 0. to be paired with the calculated I.
threshold curves measured for three-junction interferomet- This technique yields unstable as well as stable solu-
en with slightly asymmetric coupling. tons. The unstble points can be rejected by evaluating the

Hessian of the potential eneru"' (second derivatives of the
IL THEM Gibbs free energy G relative to principal ams) and rmaing

The technique ofconstraint maximization, which is the only the positive vlues. Although relatively simple for two.
calculktionl method we have used, has been described ade- junction interferometers, evaluation of the Hessian can be
quately before.L Briefly, one wishes to calculate the maxi- quite involved for three-junction cases, especially when feed
mum or threshold value . of the gate current loops are considered. Ladman ' used an alternative approxi-

mate procedume We have found that use of the necesseary,
4. 1. sinJ,, (1) but not sufficient, condition

which can flow through all the junctions before a voltage I + (L1/04) coo, > 0, (4)

develops, In Eq. (1), 0, is the phase diffeence across the ith will reject most of the unwanted points. Her and subse
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0.+ NO0 , at thesa rma. Measurement of the relative dis-
placement of the minimum and maximumt off. thus pro..
vides one measure: of the asymmetry. The three curves of
Fig. 2 show this displacement. These points have heen made

-, (2) An asymmetry of the feed injection point (L, *L2)

the cusp ends of the lobes on the 1 - 0 axis, as curve (a) of

Fig. 2 show.. Where there is an asymmectry of the critical-
cretthese ends will lift off from the 4- =0 axis to nea

noFI.!. dwf C dipiloopj. (b) shuma w (oauhWiete dim h vle :t (Zo, - 102). These currents are actually the
~, .the -, .. ~ th.points of zero slope, as evaluation of d4/dO shows, and

occur at, e-g-, 1 - jrwith 2 - * jin giving
9 - *(r + 2 + $I) +2r.Curve (b) of Fig. 2and the in-
set illustrate this effwct In principal, & dynamic experimental

quently we use the convenient "phi-bar" symbol 0 m 0 prtocedure might be used to locat these extrema. These to-
/2w. The inductance L in Eq. (4)ais typicaill~ the inductance gether with the measured maximumt of 4, completely specd-
through which the junctio current lows. Equation (4) is fy the critical currents. Reference I1I supplies additional de-
derivable front, but not generally identical to, a20 /J1 2 > 0 tabl about the nature of the cusp
(iLe,, the derivative condition befoe transformation to pri. (3) Both from experiments and graphical analysis, Ful-
cipel axes). In special cases the latter is simple to evaluate ton et al" noted that double-junction interferonmeters can
and is an improvement over Eq. (4). However, we Wd that exhibit nearly sinusoidal 4. (Ij) behavior. This result is eas-
the simple Eq. (4) is usually quite satisfactory. ly deduced. When

IlLTWOJUNTIO INERPROMTENEq. (5) has a solution for 02 only for a limited range of 44,
Various facets of the threshold curves for two-junction newr jw, jr, etc. Setting 0, - fr'aud noting that Eq. (8)

intrfro --rshave been given essier.'"I"l Fulton et requirese,.C 1(, is not required to be small howtever), we
at" and Schuhi-DuBois and Wolf" have given rather de- get 02 =0 + 01 + jr from Eq. (7). Hence 4.
tailed analyses, and we shal add just a few new points here =xr,, + Iq)2 cos($ + 01,) showing the sinusoidal behavior.
while repeating some arlie material bearing on measurable Similarly, with 0, - -jr one gets r
qatte. a - o =cs8-0) Asmercitrboe

For the two-junction interferometer as depicted in Fig. iO(-P).Asmercntrrmtr
1(a), the equations are

C2 - - C,1 02/101 +iPC,), (5) -.0

I .- 7 N% -

I,, is periodic in 0with period 2r. Commonly, the phases , -z1
are restricted totdoerange - r < # < r.and the integer Nof 0.0o0
Eq. (7) is hsnge to obtain the contour ofadiferent fluxoid --

quantum state. However, there are ranges of paramete val- Iounis, such a observation (3) below, where this identification VV
of fEuzoid sNates is not very meaningful, as Schulz-DuBoks 0.50-
and Wolf"1 also point out. Clerly, one con alternatively set .
N - 0and alow the #to span extended range.- - -

We now make a few observation about double-junc--io ..- - --

do itrfrmeer hihreat enrll t eauabe-0.3 0.0 2.0

FIG. 2. Thrbold cuve far thre daubliuaccia 1 hef m hatting

asymmetric feeds Or critical currets, as Eq. (5) shows. For L, - .1u p. let - - oM mA. (b) L, n L2- 0.5 pI. 1',, M 0.7 mA.
thuesphmssf4 - ±t(Z., +1I=). Thus the maximum cur- I i,- M3 mA. (C)L, - L2 0.S pH. le, - 0.9 =& 1= Imall
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1.00 However, a much better result can be obtained asfol-
lows, and now we generaize to permit asymmetric feed, a[-

Athough retaining! 0, = n. At arg the lobes deente
toward parallelograms. Noting where the corners lIe fromn

d0.50 ,/the discussion of observations (1) and (2) one readiy finds
E the equations for the straight-line sepm of thes parallel-

a x OgraMs The intersecions lying highest (there can be mome
£ -- \ /1 than one aet of intersection a large , w5 Fig. 3 shows) give

'0.00 /,,, / ./ Ix/4,. Ii-/(,,"+ ), 6.l (11)

Vw /(2n + )r+,6 (8 )/(ir+ 0) (12)
0-0.50 Note that the current at the intersection is a fuinction of,6
2 .. only, i.e., independent of the asymmetry, in this approxima-

tion. Fulton et a.' and Clarke and Pateson' had earlier no-

-1.00 \j/ , / ticed this independence from their numerical work. Figure 4
-1.e 0.0 1.e shows that this formula gives a better result than the preced-

ing, and in fhct is a fair approximation to the correct curve
FLUX/Oo through the entire range of #. It is a useful analytical result

since it allows a rapid determination of the inductance LF1G. 3. T~hfImboM curvesfIW for IU.5 ImetC dobejntm n't'ao" rm h trshltcre

en. (a)L = 0.2 pKHL, - 0.5 mA.sivi"O - 0.30.(b)L = 4.0pH, 1 -0.5 fom the ts d curve.
mA. i'vmsD- 6.1I. An alternative circuit for a double-junction interferom-

eter is one in which the control current is injected directly
into the interferometer, as shown in Fig. 1(b). Here, one

can never exhibit this behavior since it cannot satisfy Eq. (8). must know what fraction of the total inductance is coursed
Curve (c) of Fig. 2 shows that the threshold curve can be by the control current, as illustrated in Fig. l(b). It is this
quite sinusoidal even when Eq. (8) is not particularly well fraction which determines the period in 1. The O of the
satisied( 2/I 0, +0 =0.41). above formulas is now replaced by (p, L. + p2 L2),. The

(4) When the interferometer is symmetric, there is al- remaining formulas are unaffected. Similarly, when the con-
ways a slope discontinuity midway between the lobes at trol line overlies the plane of the interferometer, the coupling
#- ± JO,, etc. The interferometer is now governed by a is not generally perfect. When the widths of all lines are
single internal parameterfl, which has the value of L/43 much greater than the distances separating them, and film
whereL - L, + L 2 is the total loop inductance and 1o is the thicknesses are much greater than their penetration depths.
common junction critical current. Figure 3 shows two the control current can be treated as if directly injected and
threshold curves for symmetric junctions with #4 1 and passing through all of the inductance of that length of line
Ps 1. The threshold current at the midpoints is a convenient overlain by the control line. Since these conditions may not
mesure ofo. Curves of this current versus 0 based on nu- be met in some practical cases, the degree ofcoupling may be
merical calculation have been givem." Although an exact somewhat uncertain, and only a fraction ofthe inductance of
formula for this curve has not been determined, formulas in
the two limits can be established fairly easily. Figure 4 shows
out calculated curve together with some analytical results in
limiting cases.

Forf l- 1, Eq. (5) shows that 0, and 02 are separated by
about r rad. Linearizing in P, one finds /4i

, -0,, +r+1,C" S, ..

Substitution ofthis e 2 intoEq. (7) with 8= rgives C' , M4
S S.Equation (6) then results in "

I j ' , /j f,,, , I :I, 1 . (9) a ,0. 4!

When l 1, Eq. (5) shows that C-1 a - 1/ when OC, 1.Substitution ofO2Jir + 11,' +- into Eq. (7/)with -69 , ,r 0 2'

then gives 2L..L
S, +( 0)S,-jo- +o(-'), .0. JjI I.

which ives, -r - (4r/0)'/ + 0(8 -'). Hence 0 5 10
I./. - -,/, 0 - . (10) ,0

FG1. 4. Cumve of the threshold current midway betw m ma as a func-
This is equivalent to a modulation depth of 'o/L, a result tianof$- U0/4 (soidcue). Thecurvesauvaid rsymmcnto- or
noted earlier. 1  me thrjunctii inten rometer a defined in the tet.

5137 J. Apti. Py. VOL 0 , N I Z m I M Pole"en e Wli 4 5137



The "Lapangian curmt" is now formed according to
t. " b Eq- (3). Thw equaions ar 14, - 0 with i - 1. 2. 3 give

I ,three equations containing the two Lagrange multiple.
Two of these equations are used to determine A, and A2.
When these are substituted into the third, a condition is im-

Li posed among the 0 , which may be written
-(lo +C, + C +A,,C,C 2 ) 6)

= 3o + A13C + A3C 2 +A, 2 C, C2  (
113q where-, A 1 103, + 10, #3

A ,
4 

o2 +105;,
FI.S.Ciiatrafrac .1mmeterw ,thates o A 2  1ot (2 + 2) + 102 (8, + V,),

Mawudc flu OaW direct injectdm ofcouttol current we shom toptbr. A , =123 , (6263 + q12)

the overlain line is involved. In these cases the period ofr, in + 10P6 + ,11) 3 1662

the lobe pattern is not areliablemensreofinductanm, but is 5, = (L, + L , + a, L)//, /4,
however a useful measure of the degree of coupling between 5z =(L 2 + L +aZL,))(,/0,
control line and interferometer. Measurement of , at its
lowest value between the lobes is superior for measurement 03 -a.,(L 2 + Lb)13/4,

of inductan in symmetric interferometers. 0; =a. (L "I + L.)/oj ,A.

IV. THREE-JUNCTION INTERFEROMETER il - (M + a2L.), /4,

An example oa three-junction interferomeer circuit is 12 - (M+ a,L.) 1 0.

shown in Fig. 5, in which a control current is injected direct. Equations (14) and (IS) impose another condition
ly into the interferometer, on the side containing a feed loop- among the 01, which is found by eliminating 1, between
Since the feed loop is entirely superconducting, flux quanti- them. At this point, we shall reduce the great generality of
zation within it must be included in the analysis. This may be the above by imposing the restriction
written L./L. = L 7/L , ,

L.I. +LlIr -L2I2 -4L&b + .f, =No, (13) which isacommon design goal and which makes5 =6,,
where we have used the notation indicated in Fig. . .f is and a2 L. = atL.. Combining Eqs. (14) and (IS) then gives
feed loop flux from sources other than the control current, (I + F)B3 = B2 + (NzOo - 0.)/4 - E,
for example from lux trapped in the ground plane, and N is + F [B, - (N o00 - 0.,)/- - E2
the number of flux quanta trapped in the feed loop. One may + (a2 - Fa,) (Nf0 0 - 6.,)/, (17)
eliminate, e.g., I., 4,, and I , in favor off ', 4€, I,, 2, and 1,
by using the Kirchof current equations, and solve Eq. (13) where
forI'. Substitutioninto the two fluxoid quantization condi- F- [L2 + a,(L. + L)]I/[L +a,(L. + L,)],
tions for the two loops containing the junctions then gives B, =-6, +,6,S,

A a= , +a .f+ [L +a,(L. + L,)] E, = 71 S,. (18)
+ (L, + L ; + a, L)I, - (M + a, L) 2  The coupling factor F is the ratio of fluxes from the control
- a, (L + )I s + (, - ) -- (.N0 , + A , Nf) o  current entering the two loops of the interferometer.

M0, (14) Our procedure, which is more direct and apparently
• f2 -.. + a2.f + [L2 +a simpler than those described by Landman' and Schulz-Du-
+ (M + a 2L.)6 - (L2 + L 2 + a2L,)[, Bois and Wolf," is to choose 6, and6 46, and determine C,
+ a (L. + L)[+ 03 - 02) +AL + a 2from Eq. (16)andB 3 from Eq. (17). The values of C3 andB3

each specify a set of63 . Only certain pairs 16, 1 0I allow
=0, (15) equality between members of these two sets. When the al-

where a, = L l/L, a2 = L 20/Lf, and L L. + L. lowed 0, , 2 ,and 63 are found, they are substituted into Eq.
+L 7 +L 2. #,, and *, have the same meanings asde- (l)andintoEq. (14), orEq. (IS), orthesumofthelattertwo,
scribed for #,f above, which is simpler.

FolowingTsangandVan Duzer,'wehaveincludeda 9=B +2 -B, -E, + 2r[Nl +N 2 +(a, +a 2)NfJ,
"mutual inductance" M, representing coupling between the (19)
two loops. One sees from the terms a, L, and azL, added to where
M that the feed loop also facilitates coupling between the
loops. The terms containing show that flux trapped in the 9 [L; + L i + (a, + a2) (L. + L.) ]1/,
feed loop adds fractionally to the flux in the other loops. + [*., +6.2 4(a, + a2)6.f ]/5. (20)
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I
Note that theco t ofr,/4in Eq. (20)is thetotal .,2 -,12 --.8 - ip, where = ,If/4 and

inductance throug which the control current pam, in- L - L + L; + L isthetotlinductance oeloop."This
cluding that of the feed loop. If the control current were ,0 thus has the same meaning as that of the symmetric two-
injected in the opposite side ofthe interferometer, as indicat- junction interferometer. Equations (17) and (19) now are
edbythedashed linnF S, theoefficientofl,/cwould 2(#3 + 03S 3)- 2 +01
be L, + L2 . None of the other formulas are affectedL In the + 3(S2 +Sl) + 2rN, - N, (23)
explicit fux term of Eq. (20), no assumptions concerningthe
apportionment of the flux from other sources among the a -# 2 - 0, +46'(S - S)
separate loops is made thecoefficient ofo,results from the + 2r(N + N, + 2a,N), (24)
flux quanmution condition in the feed loop. where$' -.,6+ 1. Theseequations show that flux trapped

When the control current is not injected into the inter- in the feed loop traslates the threshold curve along the I,
ferometer, but lies above it, as is usually the case, one could axis without distortion in this case. The maxima are separat-
drop the l, term in Eq. (20) and treat the 0, as due to the ed by 4w-in .For N.-- 0, 0 is 2r midway betwen the first
control current, and stray flux if necessary. This reqires a two maxima, which can happen only when 02 = 0, +2r
change in some of the terms in Eq. (17). The coupling factor according to Eq. (24). Then Eq. (16) becomes
Fin Eq. (18) is the ratio of the coeficients of 1. in Eqs. (14)
and (1S). Dropping the1 terms there requires taking the C3 - - C,/(1 + 4C), (25)

control current contributions 0 ', to the fluxes as propor- which is just the relation for a current-symmetric two-junc-
tional to each other. Thus, setting tion interferometer. This must be made consistent with Eq.

0 'f - a# ',, (23) at 02 = 0 + 2.

0' =a,,: 03 + S 3 = + 01 
+ 8S,. (26)

casts F into the form What is important to note about these two equations, valid at
the midpoints between major lobes, is that the feed loop in-

F- (a2, + afa2 )/(l + atz,), (21) ductance has dropped out. The threshold current at the mid-

of which Eq. (18) is a special case. The form of Eq. (17)I remains intact if we take the 0, appearing there as possible
stray fluxes. a2 , and a1 are determined from the geometrical
arrangement of control lines over the interferometer and 0.0 6.0 16.0 24.0

feed loop. .0

The integers N, and N2 are immaterial in determining
the threshold curves if , and 0, are allowed to span an
arbitrary range. That is, in both Eqs. (17) and (19), N, and 1.
N2 appear only in the combinations 6, ± 2'N,. The same is
not true for N, the number offlux quanta trapped in the feed
loop. A changed value of Nf, will not only translate the z o.0
threshold curve along the 1, axis in an amount not generally E

equal to a multiple of 2r [in the units of Eq. (19)), but will _

also change the shape of the curve if a,2 #Fa,, as Eq. (17) 2..

shows. Stray flux will likewise both translate and change the /
shape of the curves. a

We now make some specific observations about the 0 1.0
threshold curves for three-junction interferometers.

(1) Although the set#0 -| =2 =03 - ± &wsatisfles 91
Eq. (16), it is generally inconsistent with Eq. (17). Thus the '"

maximum , is not the sum of the separate junction critical o.o

currents, except for special cases. Even for a symmetric in-
terferometer(I., -Io =1 I0 , =L.,L, - L = L ,
and L " - L I), the sum of the individual critical currents -1.
will be relized onlyif

S 0 3 L ' - 21(L, + L; - M), (22) -

as deduced from Eq. (17), and provided there is no stray flux. -2.0 0.0 2.0 4.0 6.0

(2) Consider the symmetric interferometer with 1,o CONTROL CURRENT (mA)
21., having negligible coupling M between loops, feed FIO. 6. Threold cur. for a symetm thisljmct ioas aelwith at current injected aloes to the outide Jumnom (em F'ig. 5).

tapspositioned such that each current path contains the -t - 0.0pL. *tl- LC O - 0.79 pN. L - L2  -(e , m -) L,

same amount of inductance (L " - L, + L ;), and with no .0.5 mA. No umy flux. sa N, =0. Lw Vapl:L. -L. =0.79 pH.
stray flux. This interferometer will have a maximum 4, of Upper paph (with revened th oiduld anmt a owi): L. -L. -0.L
4/6 when N, -N,N.For this oe, one has0, -il pH.
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~*~- ---i - - -- -range changing pattern, but rather the unequal amount of
- - - -fux penetrtng the two loops. This is seen imsmulations.

A -not shown here; in which the threshold curve is calculated

r - for unequal inductances but equal fiunes through the two I

loops. (It would be unusual of course to realiz such & situa-
tion experimentally.) The result is an identically repeating

I pattern of the same period as in symmetric casemL Tus, care-

fu ar73ngement of control lioes over the two loops of the
-" \ - i inttarmeter is important in avoiding a lobe pattern which

-\ - - - \ changes over many periods.
• (6) Asymmetry of critical currents creates an asymme-
-. o - . o ..o .o o try of the lobe pattern within a basic period, just as for the

cmsONTO CtamUR Ia- two-junction case.
I FIG. 7. Threshold curve for a thrue-juncon interfiameter having sym-

mn critical curnmt but asymmetric inductances s g V. COMPARISONS WITH EXPRIMEremoval of'lobe csp end fom the &Ms nd a chaalimg psttm/o I.,2
m - 0.5 m L ;n tr 7m L. a 0.4 pa- L w - L. .7=er 0.3 pH; The usefulness of the foregoing observations is illustrat-
I, - L, ,0 o; so stray flux. ed by considering some experimental data obtained from a

0 o three-junction interferometer fabricated in our laboratory,"

and shown in Fig. 8. This device was fabricated with a nine-
level vapor deposition process on an oxidized silicon sub-

point thus provides a convenient measure of the loop induc- state. The nine levels, in order of deposition are as foflows:

tance alone. The current ratio/4/. in fact is precisely (1)4000-A niobium round plane; (2) 1200 - Nb2 0 s

that of thesymmetric two-junction interferometer: Not only formed by anodization; (3) 2000 -A SiO dielectric; (4) 435- A
is Eq. (25) the same as the symmetric form of Eq. (5), but Eq. AuIn, I D/13, resistive intermetallic, (5) 3200 -A lead-indi-
(26) is just the same as Eq. (7) with 0 - r, the midvalue for urn-gold base electrode alloy; (6) 3660 -,A SiO to define the
that case. Thus, Fig. 4 applies also to the symmetric three- junction windows; (7) 4000 -A lead-gold alloy counterelec-
junction interferometer as defined in this paragraph, and, we trode; (8) 7200 -A SiO control line insulation; (9) 8000 -A
may speculate, would apply generally to the N-junction sym- lead-indium-gold alloy control lines. Patterning was by etch-
metric interfero eter whose internal critical currents r ing for the ground plane and lift-off for the remaining eight
twice those ofte ends. for supplying gate currentt levels. The interferometer occupies an area of 220 X 70 sm

(3) fthe feed arrangementto and the minimum line width is 5 pm. The two interferometer

the interferometer forms a superconducting loop, it is impor- loops are folded back on themselves so that the junctions are

tant to take the feed loop inductance into account. It is not clustered in the center region.
just the control current scale which is affected, but also the The inductance of the variou strips are given approxi-
shape of the threshold curve, since the O's are affected. Fig. mately by
ure 6 illustrates a hypothetical case in which the gate current

is injected close to the two outside junctions by means of a Lapo-oI(d +,t + ,)/W, (27)

superconducting feed loop. For one curve the feed-loop in- where I is the strip length, d is the insulation thickness, and
ductance is made rather small, and for the other it is taken Wis the strip width. Equation (27) is valid for WV4d and film

equal to the interferometer irductance. Not only is the con-
trol current scale much different for the two cases, but the
connectedness of the threshold curves is also altered.

(4) In contrast to the two-junction case, the threshold 4

pattern for the three-junction interferometer will have the

lobe cusp ends removed from the 1 = 0 ax when induc- "

asymmetric inductances but symmetric critical currents are

chosen. Of greater practical importance, however, is the fact
that there is now a "long-range" change in the lobe pattern.
This would ordinarily be undesirable in device operation.

For example, a redistribution of trapped flux in the vicinity
of the interferometer between runs could then drastically .I! I :L, j " -
alter the shape of the threshold current near zero control 1 ..

current. Note that the maximum threshold current occurs at
1 i I 0, and that there is point inversion symmetry about the

origin.
(5) Figure 7 does not reveal an important point which FIG. 8. photograph othe type of hree juncbon intea cometa whole

threshold Curves afe depleted in F 9 and 10. Not the very Slight uneua
has practical consequences, which is the fact that it is not the coupling to the two halves ofthe intaftrometer becaue ofthe arrangement

Sasymmetry in inductance. per se, which creates the long- of the control Um
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I
o: 3-L L, +L +L-0/Io- 8.9 pH.

2o AIAf The contol cretounplesto L ;+ L 2and the parale

. -44 A - MWI combinationof L - + L,-and L. + L.. an inEq. (20).0.1, W ,I The product oftln Coupling inductanc with th basic pen-

odMA, fora asymmetric interferometer is 2o. Takin this
0.0 period from F 9(a), one finds
-1 L -- +L"L L ,+L)-001I . pH .

~- .2* One additional assumption is necessary to uniquely dete-
"* -mine al oftheL values. Since the inductance of a stripline is

--. -o .U . proportional to its length/width ratio [see Eq. (27)]. we can1.0. 0.0 11 estimatiomthePometof.Fit that, + L + L
amL. Codin these results, we obtain the inductances

o., o ~ - L-1., L;=3.4, L"-4.5, L. 8.9 pH.

- I "A AA AA our control line Sometry suggests that the 7% asym-

- - -- metry is a result ofasymmetric coupling to the interferomet-
r0.1 . , rather than unequal inductanme Simulation experience

hure shown, however, that for usymnetzie as sml as this. it
.o makes very little diference whether one chooses in the mod-

-0.1 e symmetric inductances and unequal coupling [using Fq.
(21)1. or simply makes the inductances asymmetric. For the

-0.24theoretical curve of Fig. 9(b), we chose to use the control-o. ", / V V VV I' , current form of Eqs. (17)-(20), and achieved the coupling

-1. -o. 0.0 0. .o asymmetry by increasing and decreasing the inductances by
3.5% on left-and right, respectively. The resulting curve is

(b) CONTROL. CURRENT IAJ quite a good representatin of die daa both in show and

FIG. 9. (a) Eaprimmia thrahald cve ora th,juntm in trmt- absolute scale- The calculated inductance values based on
ieroocemonwU7 sow thin i5 thli em it tnf 9 ihga usuimm witcro 0(he gb@ mdom ith Eq. (27) are about 30% higher than the values given above.
theinwfwmet.(b)Rko(m5ir5iO .,iwtL, - 114,; =3.4g.L.; A fringing-field correcon lowers the calculated value by

= 4.61. Lt - 1.0. L1 I-3.2,L3-4.30. L. -9.22 L,- L60 p; about 10%. This is reasonableagreement in view ofthe un-

I., -I --- I,- 63 MA; N, 0; no stray See. certanty oftheinductancecalulaton at thecorers ad in
particular, uncertainties in the values o'A,, A 2, and the insu-
kdon thickness d (- 25%).

Often the maximum of threshold currt does not coin-

thicknesses much greater than their respective penetration cde with the zero of contro current, thus indicating the
depths A, and A2 . These conditions ae only marginally sat- preeepre of flu trapped nearby. In anoher experimental
isfied for our interferometer. Two control lines overlie the
interferometer loops. Figure 9(a) is a threshold curve ob-
tained using the outer control line of this device. The essen-
tial symmetry within a period shows that the critical cur- .,
rents aequitesymmetricand that thedesigned I : 2: 1 ratio
for critical currents has probably been achieved. The chang-
ing pattern on a long-range scale indicates that unequal
fluxes are penetrating the two interferometer loops. This is ~~. ~ -~.~

probably a result of the asymmetry in the path of the control
lines. The long-range pattern has a period of about 14 lobes, 3
indicating an asymmetry on the order of 7%. (The iong- .
range pttern repeatseachtime thedifrenceinfluxpene- A A A
tradnsthe two loopchangs by o.) / \,, ,',r, / s,, ," , V

Since the feed loop connects to the interferometer at the
midpoint ofeach loop, we may assume thatL 'mLt + L;
"L 2'"L 2 + L2 , and M-O. Thus Eq. (22) is satisied and

therefore I0 a mjl., or about 63 IA in the m of Fig. 9(a). -04

Even though this interferometer is slightly asymmetric, the CONTROL CNInUKT 'ma,

value ofPcan be estimated by measuring the ratio./m. I. 10 £Pwinwualthi W fore threed . in ,uIn
1,, is the current at the mrt midpoint on either side of4.. , t Wim a m d st B the s tthe h

The data of Fig. 9(a) together with FIX. 4 yield - 1.7. and pow n. "he trapped f , , was ,d,,it asin -ymmetrkal ds-
thus a single-loop inductance of Ulam in tje atais cWeMl
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I
ran, shown in fgt 10, the local maximum increased with that in Fg I is less sensitive to control current arms the
increasing I, near J-0, suggemin that trapped flux was upper half of its loops than to control current acros the
opposing that from the control ctrent. Posulting values lower half.
for the flulse #,1, 04, and *.f resulting front an unc,.tUD
distibution of trapped flux is not very practical because of VL SUMMARY
the great vaiation pomsible. The feed loop, however, offers Threshold curia for superonducting interferometer
convenient analytical tool for including the effects of can be calculated oi the bum ofs forly simple theor sice
trapped flux. We found that the nearby trapped flux was the only the 1 sin t hem is needed fr charcterzi the Jo-
equivalent of about 30 Alux quanta in the feed loop in this sephson junctions; details of the quasiparticle curve, resis-
case. This numbe is interesting because i utn the num. taces, and capacitance are immaterial since a voltage is not
ber which would be present in an area the size of the feed developed. Feed-loop parameters and flux quantization
loop, from the ambient flux pollution field in the Dwar. within the feed loop are important and have been included inUsing a procedure similar to that described in the preceding• the present analysis Experimental curves can toe reproduced

par~rphs.we dduce cri deslcuresad-nutceparagraphs, we deduced critical currents andinductanCe in detail, even for highly asymmetric cases as well as for very
and achieved a very satisfactory match to the experimental slightly asymmetric cases. The effects of flux trapping can be
curve, both in shape and scale calculated. A "calibration curve" applicable to both two-

In this particular run, the curve shifted abruptly from and three-junction symmetric interferometers provides a
the solid curve to the dashed curve in Fig. 10, coincident rapid means for deducing interferometer inductance. An ap-
with an electrical d trubtance in the room. The reduced proximate simple analytical expression for this curve is
maxima and the asymmetry within a basic period show that iven
at least one of the junction critical currents has been reduced.
The decreasing local maxima with increasing I, near 1, - 0 ACKNOWLEDGMENTS
suggests that now the trapped flux is penetrating the interfer.
ometer from the opposite direction. We found that changing We wish to thank RE. Harris for helpful discs-ions
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small field, the shift caused by trapped flux can result in 'T.A. Fulton, LN. Dunkleberser. and .C. Dynes. Phys. Rev. B 6. 855
radical variations in the threshold curve near the origin. To (1972).
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* I Analog-to-dIgital conversion with a SQUID: Conditions for a
countable pulse trainB

Robort L Peterson
Twchxoicp DiMioxNadn .uo asakB~r 0ka S0

(Racemvd 29 August 1978; accepted for publication 16 December 1973)
A supercmouting loip containing aJosephson junction develop voltag peak. when it
admits and expels magnetic flux quanta, and thus, may be used a an A/D converter.
We here develop and discuss several conditions which must be sadisled for the
generation by the SQUID of an uamabiguously countable pulse trino, from which the

* analog signal can be faithfully reconstructed. These conditions can be saiffed over a
broad range of realizable values of inductance and resm-tnee The capacitance,

0 however, must be carefully controlled. The results of simulation are also presented,
illustating the various ways in which the pub trains; are affected.

PACS numbers: 74.50. + r

1. INTRODUCTION and ph-- enenconductanceG (*). Thesuperconduct-
A superconducting loop containing a Josephson mc- inPhedierneacostejciniseledote

don-.& single-junction SQUID (SJ.SQUID)-:will admit or junction voltage VQt) by
expel magnetic flux in quantized units with concurrent de- V, 40 (
velopment of voltage pulses. These pulses may be of piece- ( rl di'(
cond width at the junction. Figure 1(a) shows one possible
arrangement of such a SQUID circuit. That this behavior where 0, - 2.068 X 10" V s is the flu quantum The cur-
might be used for the conversion of a fant analog signal to a rent 1(t) where indicated in Fig. 1(b) was first derived by
digital one halsdoubtless occurred to many workers in the Jomepksii' as
field. Apatent bond on the concept has recently beengpant- 1I-Iosin# +0(0) V. (2)
4d, following a technical disclosure. Hurreil and Silver8 wer
have considered a scheme in which the pulses from a SP-
SQUID are counted by means of a linear array of coupled GO() - G. + Go coO#. (3)
double-jnto QI' Here I. is the junction critical current, GwRi tenr

However, there are many conditions which must be met mal-state junction conductance and G. Vo# is often rM
before this idea can be realized. The purpose of this paper is fere to as, the cm# tern, or the interference term between
to examine in detail those conditions necessary for the pro-
duction of a train o well-resolved pulses, free from the dis-

*torions which prevent faithfureconstruction of the analogI signal. We also present the reults of some simulations illus- ,,Ama'q Sw~ai
trnting the various effiects. Our conclusion is that such a de-
vice can be made to work, in the sense that the SQUID pa- Weak or Cewitaw
ramegters (RL,C) can be chosen to meet- all the conditions
simultaneously. A wide range forR andL are possible, but C
must be carefully controlled.

Other A/D converter designs utilizing the JosephsonI
effect could be somewhat faster. One can readily imagine a-
network of sampling circuits operating in parallel, each cir-
cuit containing a Josephson junction sensitive at a different
thresold. The SQUID A/D convener discussed here pro-
duced pulses sequentially, which then most be processed se-
tially. However, the inherent simplicity and great linearity
of a SQUID A/i) converter makes it appealing for we in C
case where ultimate speed is not required. Even so, it should Mb)
be faster than any existing A/D converter.

The SQUID model we shal analyze is shown in FIg.
1(b) in which the analog signal is an external current 1.(t) o
applied directly to the loop. The three elements on the right FIG. 1.(a)daatacfmanmpmmfr~up inbm~ SUInD.
comprise the Josephson junction with shunt capacitancet C (b) Ehkinm of th SQUDMal h 'itis pp.
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- [ 0FIG. 3. PulM h ma--o- l unhi SQUID. drai b aby iiaa

2W ofuplitedeI 1. LO mA aad Reqncy 10ON4 = -I A 200.
i =dL * 3 pSI. Tm. p -ve 0.91. Tto uoauma haV-fcyae im.s

I 2W 4Wr
' * 9- 6,,0). (3)

FIG. 2. Grpimal sotion of Eq. (8) for$ -3 show* hyatris and a Equation (8) is readily solved graphically, as shown in F'g. 2
wi undo emtin y fMoc 6. forP - 3. Let,,be the principoa valueof co"( - 1/#), lying

between Jr and r. As the current , is increased. 0 increases
and at values

the supercunt and the quaapartice current GoV. It is o- jumps discontinuously to a higher value When R or Care
ventional in analyzing SQUID behavior to use Eq. (2) but to included, this jump is not discontinuous. The jumps in 0
ignore the co term, and to treat I. and G. as constants. correspond to voltage pulses, and the entry of flu quanta,

We bein by considering only the loop inductance L according to Eq. (1). When the signal decreases, thejumps in
together with the junction supercurmnt since the basic ideas * initiate at
of pule production and spacing ae contained them. Re. 2r- .+2n. x - 0.1.2,-. (0)
sistance and capacitance are then inserted and their effects
analyzed. Finally, we discuss the effects of the cosO term and The voltage pulses are of reversed polarity. The hysteretic
the voltage dependnce of the coefcients. In Appendix A effect seen in Fig. 2 causes an abnormal spacing between
we provide some of the details for estimating the pulse pulses of opposite polaty.
widths when inductance is important. and in Appendix B we When -< 1, there are no extrema in the l, -vs-6 plot.
discuss the factors affecting the linearity of a SQUID A/D Nevertheless, d6 Idt is highest when the slope is smallest (at
converter. * - r, 3r,.-), and the voltage will tend to develop pulses.

Once a satis'actory sequence of pulses is produced, the These pulses in fact can be quite respectable, as Fi 3 shows
next step in building a converter is to use the pulses to acti-
vate a counter or shift regiter, which is then sampled.' It is
beyond the scope of this paper to discuss these devices,
which would themselves be circuits containing Josephson a.' Likewi, h. vaUrious t ,l~e In algorithms ~ llnlII

which might be used fal rjcJnstructing the signa wil not bej
discussed in much detail in this paper, although we do give - 0

II. CONDITIONS FOR ADEQUATE PULSES
The differential equation appropriate to Fig. 1(b), but

.without the cos, tm, is

L+e ,t (4) a
where TIME Pa

Il -(- + sin, (5) FIG. 4. Top: Pulea frm a very hysmnretic SQUID. driven by a amuoidel
current ofamplitude 1, -02 mA and hquency I OHL I ,- 0.05 mA

(6) * -51.andL. -0OpKghivinD- nS..n n :Thedrvngeurrettoget with two reconiracted sipab bna d an de cmlu g of the2r'/./*. . (7) S p w Th e d@d , v" cu , , a-- byaddingorst,,ac ng

The essential aspects of pule production my be de- acurmnt 9'L ataich pule. dpending on it polity. The dotd "curve"
ducd by co i ing just the inductive, sercumo, and e r eadiscusal I. e m The 'n mad
driving trm dm. "me" am duam ma o mn the Iie. d fch ep

SJ . ,(rupaningtVmpuLe0auiN The.meJua1eno9hOOM. avosdcluuit nJ e J. Appl. P9,ye, VOL 50, NOe. 5, Jutie 11rS Rebu L. P otsen 4



i and C. Fin signal rising lnearly. sopping sudd ly, andt;thatfin g atq theretoe reds oe u ugs. (9)~ (0o)

*~~ln AtLy~k~ ) (14)
i wherAria the normal1spacing w by Eq. (13), and

6is 9 sovmbyEq.(12).lTheterm/s thewindowv quandi,-
tion fictor, ad the minder is due to hysteresis. The hys-
teretic factor is zero at 8 - 1. and about equal to for, 1.

quntization, only forD baror than. say. 4.

* pa The hysteretic ect on pulse spacing can be ompmn-

FIG. S. Top Pubm fu, a SQUID wkk wy smU hysmau, daiv by a sated in pan during signal rconstuction by appropriately
,reab iwran da mpokd. ,m 2.0 =A ad fim,7 1oOHL weihting the &W reversed pulseineach signal reversaL Fg-
.=. 1l mA.R-I 20 ,dL -4p1L gf- l.21. BomThe driv, ure 4 shows a calculated response to a simnuoidat sipnl in

4. which there is lare hysteresis (= IS). The lower halfofF%

4 show the associa input si al mgether with two meth-
ods for rmrocturin the sil from the pulses The -narve"

method simply adds or subtracts a constant current incre.
a widths are ment Oe/L for each detected pulse. The other method notes

forD - 09!. However, t -e h d widths e that the current at the Ast pulse is (0 1 /L X/20), according
rather sensitive to the rate of change of/1 (t) which would to Eq. (8), and that the current drop betwen reversed pulses
likely be undeirable. On the other hand, 6> I introdces is (OWL XO./r) - 1. Figure 5 shows manother pulse train and
the hysteretic effect mentioned above. A rather exteme case reonstructed signals at P6 1. Figures 4 and 5 illustrate the
is shown in the top half of Fig. 4, together with the bdly Adefity with which sinals can be digitized and reproduced.
distorted reconstructed signal in the bottom half of the fg- assuming perfect counting. Note that in Fig. 5, the pulse
um Clearly, large # should be avoided. number can be increased considerably without detriment,

Figur 3 and 4 also show what is generally true: there is e.g., by increasing .1
no cumulative gain or loss of pulses during successive sip Even for well-separated pules, the voltage does not re-
changes of dl , ldt. turn to zero between pulses, as Fla. 3-S show. The reason is

Pulse spacing, signal reversal effects, and 'seline" discovered from Eq. (8) by setting# - 2,. + 6, and letting
variation can also be obtained from Eq. (8), a follows. 1,5 I-lin order to examine thesituation between pulses (re-

Foralinealyrisingsingal, 1(t)-1a,,thetimesof fer to Fig. 2). By taing the time derivative of Eq. (8) and
occurrence of the voltage pulses a , from Eqs. (8) and (9), using the voltage relation (1), one gets for the voltage be-

0 tween pulses
t. + 2rn). x - o,1,2,-, (!1)

where7P()

10-0+ W - 1)14 .  (12) where

The separation between pulse centers is thus L, mL/(1 +P). (16)
( L, is the loop inductance reduced by thejunction parmetric

indu(13) e factor I + A, and appears frequenty in the sub-
To maintain a given separation, fast signals thus require sequent analysis. From the equations incorporating resis-
small SQUID area or small or attenuated signal amplitude tance and capacitance. one can show that the presence of
I.- Pulse separation is compared to pulse width below, where resistance subtracts approximately the term
reswtance is introduced. L2 d2lI

When the continuous signal reverses, i.e., when dr At dt,
changes sign, the spacing between pulses is"abrmuma" both
because of the hysteretic effect mentioned above and the from the right-hand side of Eq. (I5). Capacitance subtracts
"window quautiation" effect, common to all digiti-tion another
schemes, in which it is uncertain just where within a window d 11.
the turnaround has taken place. (Of course, since no signal L. C d ..
turnaround is instantaneous, the pulse spacing will also in-
crease as dl Ids decreases). It is of interest to compare win- In the lineary rising or falling portion of the signa, the
dow quanti ation and SQUID hysteresis in thei affects latter two make no contribution, whereas in the tm-around
upon the spacing between reversed pulses. This is easily oh- portioM, they a the most important.
tained in the present cue where we are not yet consideringR The reason for concern about baseline variation is that

3 J. AWL .... V . .. .aw .un 1.. . P~ L PaM~ 4833



if Pule d m s a cst threshold level. t Figu 3-d mrmru imadv ea i dfSQUDl evel mus baer obovete meximum beseine vltkW if this behavior wba Juaim (or snmt) Xmo is iWldd

m a smum a high. them pulse occurring wham the baseln but acpeace is mo. Figure 3 shows weseimred wa-

voltage a low might be mined. However, there re two re- developed pudes bom a nonyseni SQUID (8=&O9
sans for expecting that b im variation should am be a The pummeter values am iv in the ASu capfim. Pqum.
substntil problemFrst. a essn fr ,,, the maxi. don (19) is well sadded. and all pubes are wel above ta e
mum voltageoftplse, may be obtaind e m ., =0o. maximum velns of lV. The memsmd I/# width .10.30-

whee r' is a measum of the pule width. For welt resolved 0.85 pa for the 11M pulse (Li., in the region ala linanrly riing
pulses, 4At/M, whoeMis, say, 4orS. Noting therea- sipal) is ma than a factr of 2 eater than thei Ampltionhiph m-at end Vs. liveaby EqL(13) ud(IU on m eto r. but dome tothe r n alulte fice E (Al)-

thusgets, (A4 The third and fourth pulau occurring when the sial

V. ; M(I +$)V, (17) isc so oy, 0 arenoticeably broader, aempctd

Thus fowl-separated pulses, the e height will be sver. or a n tyse SQUID.

al times greater than the beaseline voltage during the inear In the very hytetic SQUID ( O S)  ig. 4. the

potisofthesi Similar arguments ca be used for the pb are wed develope and Sq. (19) is just saided. The

chaparts of the si.gnal, with similar conclusions. Thise long delay between pulses o(oppoite volanty show prim

ofcourse, does not guarantee thata given pulse height will be pally the effects ofthe great hysteresis. Pushe hts hem
grea ter ur than the maximumbasienoltage.tOf nor e far above V,. and pulse broadening as the signal slows is not* greter than the maximu baseline voltage. Of more imlxo- discernible. Now r, and t are about equal, and class to the

tance is the fact that it should be possible to design the dis. - nible. w rb

criminator level to very according to Va (t), or to ter out m ed width.

that background on the basis of frequency in the circuitry lFigure 5 shows the response of a slightly hysteretic

following the SQUID. SQUID (8= 1.2). Only the inductance is changed from Fig.

A junction with finite resistance R is known' to switch 3. The induacteae inUse by one-third rmults in a pu

in and out of its voltage state, when driven with a current width decrese by one-third. A slight broadening of the

large than I, in the doe pulses in the signal slow-down region can be seen.
Good pulse trains of course also occur in quite differenmt

ro . - ,/r .. (LS) regumes of operation. For example, simuations for a rather
This is the voltage pue width at half-heigh. We wish to typical shunted point-contact SQUID (L - 500 pH. R
dtermine now by how much this pulse width is affected by - 100 1W, I* - 1pA) driven at I kHz show good pulses.

the presence of the SQUID inductance L. By consulting Fig. However, the very low peak voltags (= 10-10 V) for such a

2 and Eq. (4) without the capacitance term, we see that the cae would make pulse detection perhaps impossibly di-
state of the system, represented by a "particle" riding on the cut bemuse of noise.
9 curve, does now not simply follow 1. (t), but lap by an Capacitance is the bad actor in pulse production from

amount (L /R )(d# /dt ). Thus, discontinuousjaamps in~ SQUID's and must be kept as small as possib consistent
not occur, rather the particle makes a fast ride through the
local valleys. This "inertial" effect can also be manifested in can be undersood qualitatively by the device f rewriting

the appearance ofa final positive pulse just after an incres-
bEq. (4) in the form of an energy equation, in which a particle

ing sinal has started back down. can be pictured as sliding along a time-dependent potential
Good pulse resolution requires that the pulse width rbe well, and restricted by viscous damping. Thus, Eq. (4) is

much less than pulse spacing At. The finite resistance now equivalent to
being considered will not alter pulse spacing; i.e., when the
transients are nish4the "steady-state" response to lin- ."+ 7.. -D*'-(#- x)6z. (20)
early increasing signal must be a series of pulses with the where the dot over a symbol refers to differentiation with
same periodicity as when the resistance is infinite. Thus Eq. reset to t,-/(LC)1. Here D - (LC)lRC. J 2'4.

(13) for the spacing At is still valid, and; ]r-j(o-o ,y-#cos. (21)

The effect of loop inductance on pulse width as not sim-(
ple to analyze. An approximation is developed in Appendix The "potential" r is a parabola centered at 0., with

A. The expressions obtained there do not yield a simple for- local minima which become progressively shallower, and fi.

mule for r except at$* 1. However, when Y; 1.5, r and Ire nally disappear, as one moves farther up the sides of the

are not so different that we cannot replace r by r* in the pule parabola.' As 1. is increased, a particle once displaced from

resolution condition. The simulations show that At = 4r, is its vanished minimum drops into the adjacent well, and if the

about the minimum condition for adequate resolution. Thus damping constant D is large enough, becomes trapped in

from Eqs (13) and (18), we arrive at that well, and oscillates about the minimum before coming
to rest. Each new local minimum entered corresponds to the

L IR llS/J71  (19) generation of a voltage pulse, and the oscillations within a
as a reuonable condition for satisfactory pulse resolution, local minimum are the plasma ocillation. In the present
wheref f &/2r. cse, I. does not generally change slowly, and the pulse
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j ,e -4. M *L

PFIG. 7. An 410dS1 SQUID dm a.t 10N Ofth web 1. m1 0.7 1 A
mA. ud d - 20 A. (a) C -, Ok (b) C -, M. pF: (c) pi aseo i.n tawTs

uhmdR- i. s)C-Ot b)Chas p(c),hm L €,.aMw n perhaps not 1le enouh. At C - 0.2 pF in F*q 6(b), the
MWoe " M&"- a W thd, bi d d MP for =qI& &Nmd pubs are sagl regularly speed, athough resobutsin may
awyf. Eqndw (25) inuM in m ~d w ,,, k aW-, Id o umv,, now be a problem. Note that th sumtt pulse m RgL. 6()

ad 6(b) actually occurs after the signa has stared to do-
crease. This is common in the simulations and illustrates the
-inertia" effect mentioned earlier. The dampta8 D is 4.0 in
Fig. 6('o larger than the thnahold D, of 3.3 Figure 6(€) at

characterisic we determined also by the rate of'change of" C - 0.5 pF shows a still wom train. but of'interest here is
1. as well as by thle values of'D andP, n Eq. (20) shows. te fact that there are now 17 pulse (and the seventenh

If'the dampinjD as too small (capacitance too large), at Occurs before signtal reverd). This is because now ) -, 2.5,
leas th~ree undedrable things can happea. One, te plasma, ten, than D,.
oscillatons-y be of such Wmp am-plitude that they could Figures 7(a) and 7(b) ilusrat pan osilto cf-
be counted as pulses. Second. if the ringing; dona not damp fects in a 4-pH SQUID driven at 10 OHz. Fgure 7(a) shows
out soon enough, it can interfere with the erect ofthe chang- a clanu trn of pulse at C =, 0. However, when C is in-
ml; potential causing the particle to mowe too soon or too creased to just 0.05 pF in Fig. 7(b), larye-mplitude plasma
late into the next local nmmum. Thu'd. een for a very oscillations appear. Note that the pulse spectnl as relatively
slowly chning sinalit ism s , thaa.zih value

the d particle might move rapdly thog more than one
minimumn, producing pulses in IgrOaps. Iftbe signal at a given
aim a fast enough to prevent this. extra pulses ca still Wp

the simulations. Obviouslym of' them could prdue
' Idistmzed signal so distorted that the result my be worthless" IV U,

The damnping threshold D, mntioned above is the con-
~dition for singlepuise (as opposed to multiple) g~enraton as

Sthe signal is very slowly inrae through a value which * nL

" ves a pulse. The formula In

D! Mn 1.19301- - 2.530 (22)

hureben shownt o beq€Uite 8ccurate for~ao abmx~esout 4.6
anmd is certinly accurat enough fr SQUID A/D conver-
sion cosdrtos When the signaldumges rapidly, the z
threshol between single and multiple quanm trasitions ,
I ,an blurreid, however. u.m

Fi u s ( & )" * ( ) i l st a e n d r t w enD <D ,o H er m ,i A - O 40. ( ) C 0 : () C 0. S P '. ) ) C w o M W m w w

an 80-pH SQUMD is drive at M. OHLz Figure 6(a) for C - 0 --, c(-mnf wm" -ft do- nat Be um (ns) a m
shw an accable pubs tram amn though pulse spacin is van", in M
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"' Would be so rnMMa ience, ad the pal would
Maintain thei c ow 0ect spacing. However, this condition isNAtoo weak sinc it still allows the possibility that mnuia large-
amplitude plasma Oscillation my be counted as pulses.

I This could be avoided by requiring the plasma period to be
long compared with A4, so that succeeding pulse occur be.F fore the plasma oscillations have a chance to develop. But it
is clear that this condition is as acm ouient. the signal
most entally slow and reverse, and the resulting in-

2 cressed Pulse spacn would allow the -lm oscillation ef-
I~fet be tccuter as ou

A One way to avoid these problem is to require the -over-
dme"condition, in which the radicand ofEq. (23) is posi.

tive: L1/R > 4RC. Small A and Care thus desirable. Howev-
S U'simulations geeal hw hsmybe quantified as foi-

FI 59 -pH SQUID da~ue at 10 GHz. with Is -0. 1 vA. 1, - 0 OkA. frtPart of the plasm oscillation, we should require that
AM u los -oin 5a(aC 0;()C-01 P()Isa dbVkbwih jTF- thpoiat teat hicheof vlte a t lth

lainm W& aauiud,- .E~=(5)amWWi c value-ehould be somewhat grete than die damping tume
COL 2~~~~~~~~~~~~RC, in orderhtteoclainapltdsro es ag

As to be possibly counted as pulses. Using T, ta(2RC)
where-a issoehtlrethn2framnmlcdim

unchanged, but that there would now be a problem of how to wehvwihE.(4
avoid counting the larrof the plasma, oscillations as pulses. L, > -!t-RC. (25)

Fiue3(a) and 3(b) illustrate the "ringing interfer- R 4ev'+&a
ence" mentioned above, with a lO-pF SQUD repnding to Simulations show that a - 3 is about right. The coefficient
a l0-O~z signal. At C =0. Fig. 8(a)aoid pulse train ofAC nEq. (2) is hnbot J.
appena, but at C - 0.05 pF, ftg 3(b), an intolerable sita- It my be necessary to use a shunt resistance to satisfy
don has already developed. The pulses are now irregularly this condition. Let us consider an example which would aW
spaced because of the ringing interference between the plas- pear to be fairly typical. Take C - 0.3 pF, an attainabl val-
ma oscillations and the signal motion ue. For!Is - 0.2 mA and A =-2 mV, where A is the half-gap,

Figures 9(a)-9(c) show a cas in which a 5-pH SQUID voltage the normal-state Junction resistance A., would be
driven at 100GHz hasa fair pus tra at C = 0, Fig. 9(a), about 1601, according to A.,4 1, IrA. If the pus voltage
which is not materially affected when a capacitance o(0.1I pF doesnt mlri above about 2 mV, the actual junction resis-
is introduced Fig. 9(b). Figure 9(c) is addressed late in coo tace will be considerably greater than 160J. Thus RC Z 5
section with th :os t.a pa. requiring L. > 60 pH to satisf Eq. (25). But taking not

The ondtion fo maitsmng podpule tr inthe of the delinition o(DA we se that L, > 60 pH cannot be satis-
P he nits cracitang a e deue ta inl led for positive L. In fact, Eq. (25) demands a mauximum

lows, Of principal interest are the plasma oscillation peid vlefrRo-bu
and damping time. These my be analyzed by examining E4a R.m - (3*s/2r1.C)-. (26)
(4) ner the midpoints between the pulses, at # w 2rx + 6#, Figures 6-3 ilhlusrate cae in which Eq. (25) is not sat-
where 160141. The homogeneous solution to Eq. (4) liner- islied, whereas in Fg. 9 it is satisaed.
ized in 66 ha the form ezpM ) where To sum up, Eqs. (19) and (25) should be simultaneously

,.~~~ ~ - 1/(2) satised for good pulse production from a SI-SQUID.

and the reue inductance L is denin Eq. (16) Wen Ill. OTHER EFFECTS
the redimand is aseptive damped plasma oscillations occu, Equation (2)withconductance G (,)given by Eq (3) is

gai~haperiod derived' for conmiua voltage across the junction. So far we

T, - 4v,C(4,C - L 2/A (24) haveigeored thecosoemadvtradG,-1R d!
and seemg me AC.as constnts, even though the derivation shows then to be
and dmpin neme2RC.voltage dependent. When one confronts a situation, as heme

The va no a seen in Figs. 7-9 can be Prdte in which picosecond voltaepulsessoccur. whosse - valus
from knowledge of tdo $QUMD end junction parametes, can reach or euceed the gep voltage, several questions arise.
Pise a is pose of two insudlent condions for goo Will a nonuilibriums description of thesuPicndutr be
-oles- If the pulse spieg AtuMMlidAu2RCthere essential for a quantitative analysis? Should a timn-esen-

00 J. AW.~ VO 80s. M& 6. juf left ft* L Pesusen ins



dents 9 tmp-orun.aA~os wboaewgi Ho .w ol loexeti ob ma y
theor) busdShudtevoltage dependence ofte wrong. Ths fi un u ht Ifrtunneljunctions

paaetr 6,, and 6, be used in the constant-voltage at MCA4, the avoidance of disuptive plasmas oscillations my
formin? How important is the coso term? We shall ad- be very difilcult unles a large shunt conductance is
dress questions in the order asked. provided.

* The nonequilibrium question is difcul to answer rig-
* orously. As long a the sueronuctors are to driven far ACKNOWLEDGMENTS

out of equilibrium (say with voltages exceeding the gap volt- Iwish to thak D.B. Sullivan and N.V. Frederick for
age), or if the equilibration tim ame shorter than the pulse sugtighs rbe.ansvrlcoegesfrsd
widths when the voltage peaks ame substantial, one would diUisuints. Polm n eea ola sfrueu
amt expect a grass deviation fromqiliru-ae camp11- d os

tatons. Sincesuprodco reaato tiersbtn
talle shoul diose ford ties Wnd cosie th linarl rpsing APPgnaI A~ a eoe

patta oeulibrium thor.fccataalss, sol ot ourseiuh mi T nti pedx eaayhe voltage pulse wbindthnh dfndinE.(),cae

expensive than the present one. We have already made cam- to rielieryad ie most rapidly when 9 decreases mastpsosbetween the microscopic' and A , mological' rapidly, at about 19- w.3v,.-. The pulse peaks ar the mini*-
thoisin the context of examining the possibility of using mum of 49 the. generally falls more rapidly than it rose. We

tunnel junctions as picosecond pulsers and found no sub- -asiaethus it b elcn b eisostantial difierences uon pulse configurations. Further, it has estiate o e ona0-"plwthe h r um p ~asn throfg
been observed for many years that the p*noenoogacal. or thponsogeetdpadhvigt c. dps

vay~untd-jnctonmodl a espctah ms wde I ± l) t tosepoits.The solution to the approximatedvariety of applications. The reaon ispoaby smewhat Eq. (4) with C = 0Oare then increasing or decreasing expo-follows. and this asoe addresses the remaimn questions nential functions. The decretasing part of the puls is expo-
asked above. The critical current I. vane only slightly with nailwt mcntn
V ibr VgA and thus can be treated assa constant in netalwt tm otn
converter applications. A shunt conductance. which woum.ld -L/.(Al)
probably be used, will usually dominate 06- Since Go anid 0 wher L, is the reduced inductance of Eq. (16). The increas.
ane comparable in magnitude. the voltage dependence of ing exponential has a time constant (L /R )(8 - I)-', but this
both 0, and G, is not then sgiicant. The tine-dependent does- ammasr the "lef" half pulse wulth. If we equate the
forulatio thus Probably introduce changes only in1 detil. voltage on the risng portion to the I1/e point on the falling

Same Wets of the coe# term and a new way for ms- side, we findI surng G, have been discussed in R. 6. It is. however, inter- L I
estig to note the effect of the ca term in the prisent con- r- - (I - Y), (A2)
text. One sees that its contribution to Eq. (20) is to multiplyR9-
the damping coecient D by the factor I + c coo#, where where X and T are solutions of
e - GIG. BCS theory applied to tund junctions states X #R( -± L )' -(1 +'-- 1~e~~) (A3)that r=+ for4A. Thus at 4 =2vw x -0.,2-. %wich If k 'L 0+ 11
are the pain -of thelocal minima in thiepotential" r. andtheeffective damping a doubled; the bottomsofthe wells are
"stickier" and plassaoscilations would be hssof aprob- 'y - I + e(er- 1). (M4)
Win- that is. lar capacitance could be tolerated. However, Mn iuain aesonta h eutn on

ifr - lasiisitheheoyoficrbrigenandssaer- puted pulsewidth r -?r + r, in always alittle smaller than
al experiments an U lmbrkdgel pon contcts. and tuand the masuredl width at the I /e leved, averaging about 30% of
junctions have suggeshe (se Rd. 6 for a fullr dlscussion the mesured value. In fact. the sunple expresios for r, to
and relaransces), than the damping in the local walkwould be Eq. (18) isfoed tobe good to witin about 30% far 0Z 1.5.
very much smafler, and plasm oscillations would pose a Frf 1..whaeoud- css wchina r
am severe problem. We show an example of this in Fig. by n much a afactor of3. However. r remain-good" at all
9(c), i which the parameters are the sme as in the mdl
curve. except dot the on# term with # - -Iis added. Al-
though Eq. (25) is sodided, this pulse taii wounld poaby 7U pulse width r according to the above formula a
no be acceptaew We uepeat the cev given abome tha , thus dependent upon the signal rate. especcally near 0 = 1.
the realin ofro and larpe voltage cheeges, the cometnt- us One expects. When D0 1. X- YZ 1. Wad
voltage ferinuleisi may no be quantitatively reliable. r=2L 10X - r. (AS)
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I
loop and Nis the number offlux quanta enclosd by the loop,
me obtains

Nv-No= , .I- 2 (33

Here we have dropped d5 50A compared toA Z W A. and
set Np equal to the number of enclosed flux quanta at the
operating point. Clearly, the number of enclosed flux quanta

3 I is quite sensitive to the loop and junction dimensions. For
I A = 860 A (niobium), a junction with W- 0.1 mm and a

loop of r I mm--dimensions which are large by typical
I b) murofabriaton standards-the relative suppression ofl. is

1.7x 100 for each new flux quantum, or about 3 x 104 for a
signal producing 16 pulses (4-bit resolution). That is, each
pulse will be mispositioned relative to its neighbor by a rela-
tive amount 1.7x 10", and a train of 16 pulses of the same
polarity, from a linearly increasing positive signal, will be

FIG. 10. Portions of two pomble junction arranlmnts in SQUID's con compressed by 3 parts in 10'. Stated another way, if a nomi-
suce by i thnuiv nal 16-pulse signal were within 3 parts in 10' of its 17-pulse

value, it would generate that seventeenth pulse because of
the decrease of!.

The error increases as the r and W dimensions are re-
Thus, the very hyste c SQUID develops voltage pue duced to the microfabrication scale. However, the nonlin-
comparable to those produced by the simple resistive jumc- earity is csderably reduced if one would operate near the
tion.' whereas the nonhysteretic or only slightly hysteretic top of the 1.-vs-B curve, where the slope is small. For exam-
SQUID gives rate-dependent pulses. pie, at x4 1, Eq. (B 1) gives a relative suppression of I, equal

to 5 X 10-" per quantum, for the dimensions given above.
APPENDIX 8 All the above numbers are not, possibly, as good as may

Here we sal examine some factors affecting the linear- be desired, but it should be pointed out that we have treated
ity of the SQUID. As was seen in Sec. II, the two most im- the worst case, in which all ofthe flux density within the loop
portmt SQUID parameters are the inductance L of the loop is assumed to cross the junction, for example as depicted in
and the critical current I, of the junction. Both of these pa- Fig. 10(a). An overlap geometry as shown in Fig. 10(b)
nrmetr can be changed by the signal being measured, pro- would largely shield the junction from the magnetic field.
ducing a nonlinearity. Also, one could design shielding elements about the junc-

tion. One may wish to use the SQUID as an essentially dc
Typcally, the malnetic seld from the current in a near- ammeter with extreme precision, in which case a very largeby control line will be used to bring the critical current to nubroqataw ldedsid.Frucapiain,

some convenent operating point. The addition of a signal. number of quanta would be desired. For such applications,
wmhcene as a mnetic f peol or as a currdt, will changn the one could scale up the effective loop radius, as well as pro-
whether af s a n mag eti eldoor, ash a n curn will change is if vide for shielding. Thus it appears that the nonlinearity asso-
number of fluxoids in the loop, which in ttun will change. 1 acited with the field dependence of the critical current is a
the associated magnetic induction B Crosses thejunction (see problem whih can be handled readily.
Fig. 10). We need to know by how much 1, changes for a
given number of fluxoids entermin the loop due to an incress- A second source of nonlinearity is the field dependence
in Sigal. of the penetration depth. Ginzburg-Landau theory

Consider a square tunne junction of side Wand thick- predicts"
ussmd.[If W5A,. where Aj is theiJosephson penetration A(B)-A(0) 1 (l + 5Nr ) (
depth, the critical current follows the Fraunholer diffation Fo ioimat C te C + Vr2) B 2B

For niobium at 4 K. the Ginzburg-Landau parameter x is I,
I. -! I(uax)/zI. (BI) and the critical fkldiB is 0.16 T. A field of 3.6 x10- T will

whe. changeA by I part in 10'. It would change the effective area
z and the number of enclosed flux quanta by twice that

,- (dZB amount. This field corresponds to more than 5 x 10' flux
and A is the Loondon penetration depth of the magnetic id quanta for a loop of 1 mm effective radius, and 5 X 10' quanta
into a superconductor. A skewed 1,.vs-A curve, rather than for a l-00-m radius. Thus, for the usual fields expected for
Eq. (M), result for configuratons utilag a round plane, A/D converion, the loop area and inductance would
but E (111) is adequate for our purpose. Expending su change by entirely negligible amounts. For a precision dc
about a rePrnentatw operamng Point x, - 2 rad, and re- ammeter, the effect could be made negligible by scaling up
plamg by NM*/s,, whee, is an efective radius of the the dimensions.

4M J. AWL 1, 1. .VOL90. Ma. A 5 11 RON L eteron 4M
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ATTENUATION IN SUPERCONDUCTING STRIP.INES*
*

J A3STR&CT Richard L. Kautz

Measurements of the Q of scripline resonators cavity. In this configuration, transmission
yield values for the attenuation of Nb-Nb 2Og -Pb through the stripline peaks at frequencies for
striplines typical of those used in superconducting which an integral number of half wavelengths
microcircuits. At 4 K the attenuation between 50 and equals the stripline length. Measuring the
500 MRz is proportional to frequency and probably resonant frequency and stripline length thus
results from dielectric losses. Hear the transition yields the phase velocity of the stripline.
temperature of Pb, the attenuation begins to show the
frequency-squared dependence associated with super- In order to accurately measure the cavity
conducting losses. Q, it is essential that the external circuit

does not significantly load the stripline. To
I. INTRODUCTION insure this condition, capacitors are inserted

in series between the stripline and the 50 Q
Superconducting stripline resonators have been coaxial lines. An equivalent circuit of the

used by several authors to examine the surface experimental arrangement then takes the form
impedance Z of superconductors. Measurement of the shown in Fig. 2. The capacitors are chip
resonant frequency has been used to determine the capacitors of a few pF placed directly
imaginary part of Z1 and hence the superconducting against the contact pads on the sample. By
penetration depth 1 4 and measurement of the Q has changing the size of these capacitors one
been used to determine the real part of Zs2,5. The can determine whether or not external loading
present study applies the resonant-cavity technique Is affecting the cavity Q.
to measure the attenuation of a Nb-Nb2 0 -Pb strip-
line. If the stripline is characterized by a

I. SAMPLE PREPARATION propagation constant y and a characteristic
impedance Z, *then the sinusoidal-sceady-
state solution of the equivalent circuit

The striplines to be considered consist of a sho i i 2 is

niobium groundplane, a dielectric layer of anodic shown in Fig. 2 is

Nb 0 and a Pb-Au alloy strip. In fabrication, a PL
4005M layer of 4b is first deposited on a silicon V IV " Icosh y.
wafer using s-beam evaporation in ultra-high vacuum. L 

+ 
! / 77L

he Nb is then anodized und r conditions similar to
those of Hickmott and Hiatt. The electrolyte con- Z L 

+ 
l/ s 1-I

sists of 18 gm of ammonium pentaborate .issolved in o +
.00 m) of ethylene glycol. Anodization is c rried +
out at 70 C at a current density of I mA/cm until
the call voltage reaches 50 V. This voltage is then (
maintained until the current has fallen to 0.05 mA/cm-.
Assuming a dielectric constant

4
,
7 

of 29, capacitance
measurements yield a dielectric thickness of 134 nm.
The stripline is completed by evaporation of Pb and
Au to form a pair of Pb-Au alloy strips patterned by
photoresist lift-off. Each strip is 600 nm thick.
50 Pm wide, and 70 cm long. Use of this balanced
pair of striplines, shown in Fig. I, avoids the
necessity of contacting the groundplane. Since the
75 jm separation between strips is much greater than
the 134 nm dielectric thickness, the two strips are
not coupled.

111. EXERIMENT

The experimental arrangement for studying the

s ne tripline samples consists of a sweep oscillatorconnected to one end of the stripline via a 50Q

coaxial line and an oscilloscope connected to the
other end also via 50 a coax. The difference in
characteristic impedance between the stripline (a
few tenths of an ohm) and the coaxial lines pro-
duces a large reflection coefficient at the ends

of the stripline and turns it into a resonant

Manuscript received September 28, 1978.

'Partially supported by the Office of Naval Research
under cnntract number 100014-77-F-0048, dated May 1,
1977. Contribution of the U. S. Government, not
subject to copyright.
eMRC/.S Postdoctoral Fellow, Electromagneric
Technology Division, National Bureau of Standards, Fig. 1. Geometry of the stripline samples. The
Boulder, Colorado 80303 pattern is 1.4 cm on a side.

U.S. Government work not protected bY U.S. copyright.
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+ ' While interpretation of this data in far from
IL V certain, some tentative conclusions can be reached.
VSVL The possibility that radiation losses determinethe Q can be eliminated on the basis of estimates

of the radiajign from various stripline dis-
continuities which yield Q's about five orders
of magnitude above those observed. Of the re-STRIPLINE m8inIng two types of loss, dielectric and con-ductor. we believe the first applies at 4 K and

Fig. 2. Equivalent circuit of the experl- that the second begins to appear as the T € of the
mienala g u The reiato r8 eplace Pb-Au alloy is approached.meta rrangemnt. Th reitr elc

the 50 0 coax and S0 a load resistork of the Attenuation due to dielectric losses can be
sweep generator and oscilloscope. The balanced Atea in e o thelti tan e ca b'

pair of sttipinss 0y be thought of se sieple expressed I, ter of the loss tent r"/€'

transmission line with the same propagation
constant as a single strip end a characteristic
Impedance twice that of a single strip. £(

If the loss tent is independent of frequency,
as in comon for many materials, then a iswhere Z Is the length of the stripline. This proportional to w as observed here at 4 K. The

equation defines the amplitude, position, and ettenuation due to conductor losses can be ex-
shape of the resonances observed as the pressed in terms of the surface resistance RS
oscillator S s swept in frequency. For
sufficiently small losses the parameters y
ad Z0 can be approximated by n (,P + 2) (6)

y- - I IL/ ,(2)

zo . r 7 , 
(3) 10

where * is the attenuation of the line and L and C
are the series Inductance and shunt capecitance per
unit length. The quantities L and C can be obtained
experimentally from a measurement of the phase
velocity

Vd 1 /,/" (4)

combined with a direct capacitance measurement made
using a low-frequency bridge. A capacitance mesure-
meet made at low frequencies is sufficient in the
present case as the dielectilc constant oi Nb2O -

proves to be the sameat 10 Us as at l0
Es7 , 

The one parameter of Eq. 1 which remains to
be determined is the attenuation. Provided the =

external loading is small, a fixee the widths of
the resonances predicted by Eq. 1 and a least-
squares fit to the observed line shape provides

an accurate measurement of a. The unloaded Q 0
is related to a by Q - aw/2af where n is the 0I-C

* resonance number.

IV. RESULTS 04.0 K
* ~0.1 0.

Attenuation measurements vere made for four 06.7 K

striplines for which the Pb-Au alloys of the strip
were 0. 4., 8, and 16% Au by weight. The attenuation
of each sample was measured over frequencies between 100
50 and 500 Ms and at caperatures of 4 K and 952
of T for the Pb-Au alloy. Data for the 16% Au FREQUENCY. M4Hz
sampfe, shown in Fig. 3, typify the results. At
4 K the attenuation of all samples van nearly Fig. 3. Attenuation of the 16% Au sample.
identical and appeared to be proportional to Circles and squares indicate experimental
frequency. Am the temperature approached T points at 4 K and 951 of 

Tc for the Pb-Au
(which ranged from 7.3 K for pure Pb to 7.Octf alloy respectively. Solid lines are fits
for 162 Au). the attenuation began to increase to the data based on the indicated frequency
rapidly and the frequency dependence changed dependencies.

, ,. 1i i iia . .. . . . i I I II-



where w ito the width of the stripline. For
supercooductorlaas is very nearly pro- Tbe1 4 agn o bportional to I and Increases lac'l as theTbe .ie tagnfrUb0

* teperature approaches T .Time, it is
* reasonable to suppose thit the attenuation Sample T a 4 K To 0.95T

* beredsarI reaults from a com- -_____________________

bInation ot loslas In the dfielectric and 0 u 22 0331X1-
the Pb-hAus trip* Las"s in the Nb ground- 03 Au 223 0 .
plane remin small since temeratures ner 4Z Au 2.14 x LO~ 2.7 It l0-
T .i -9.2Zaare never reached. 82Au 2.12 x1073  2.6 x LO

AnU experiment: that confirm the assumption 16% Au 2.08 x L07 3.3 x L0-3

* that dielectric Losses dominate at 4 K involves
* two samples which were prepared differently
* only in that the final anodization voltages Sstels agn hudb needn

wereSO and100V. f th tw samlesareof the Pb-Au alloy, the scatter obtained for
assumed Identical e*cept for dielectric thick- the higher temperature is Indicative of an
nes t6a teolar a tor t n chasre- error; moat probably due to the insensitivity
equations 5 n re V andZ Ibyasue of the fit to the way Losses are apportioned
factor of the.tw adL Z c ;2;4;dby a co between C and C 2, but perhaps due to

factr ofL/.6 an Z ;jW y a acto axerimna1 errors or an error in inter-
of 1/.57 while the attenuation changed by a pretation. It is interesting to note that
factor of 0.82. Thus, the attenuation at a frequency-independent Loss tangent hf

4scaled nearly as 1/Vo . as expected for also been observed by Fuschillo at al.-L
dielectric losses. for anodic Hb 0 at root eprtr n

frequencies a"o~ 5 . 10 ft. FuschiLlo ct
In analyzing the attenuation data to al. attribute this behavior to uncorreLated

determine the Loss tangent of Nb 2O0 and the hopping conduction for which c" is pro-
surface resistance of Pb, we fit tile data at portional to temperature. If their room
4 Kto the form a -c w nd at 952 of T P temperature value La extrapolated to4-
to the form a - cW -* 2 h .. tnf one obtains a Loss tangent of 1.4 a 10
fitting curves fo h 162 Au. sample are shown in rough agreement: with our measurements.I in Fig. 3. The values of c"/c' so obtained
are given in the following table. The surface resistance of the Pb-Au alloy

at 500 MUz obtained from our fitting procedure
La shown in Pig. 4 as a function of the bulk
mean-free path E for normal electrons. To
estimate t we assuis thatl

016% Au alA - t1  a- 2  (7)

where a La i the bulk conductivity at T . a is
derivedn in turn from the thin-film cofiduct~vity
by estimating thickness effects under the a- 1 2C! sumption of diffuse scattering at the surface

lo- SAlso shown in Fig. 4 are theoretical results
10 for aat 500 MO~z and a reduced temperature of

o 8% Au -~ 0.95 btained by applying Mttis-gardeen theory1 to Fb in the local limit (solid line) and the

(dashed Line) . Because the Pippard coherenc
length to is 80 na and the observed penetration
depth A at .95 T Phranged from 160 nm (for 0200% Au b001 Au Au) to 250 tim (tot 16% Au), neither the local

= limit (which requires L cc X or C - X) or the
extrem anomalous limit (which raluiree t >l. X
and C - A) can be legitimately applied in
the present case. However, the rough estimates
for R so obtained confirm that the observed

10'6 - ossal are of the right order of magnitude to

be due to superconducting Pb.
COYCLUSION

10 2 103At 4 K the attenuation observed in the sample
MEAN FREE PATH. nmf striplines can be explained an losses in the Hb 20 5

diaLectSic and yield a loss tangent of about
2 a 10O Extrapolation of the dielectric losses to

716*4* urfae rsistnceof te F-Au10 GHz yields an attenuation of 10 daug, Lending to
Fig.y a S ufcetist of thk en e pah losses acceptable for soot microcircuit applications

Theoretical results from Mttis-Bardeenwhr tilnlegsoeLcarls.
theory are indicated by the solid tine
(local limit) and dashed tine (extreme
anomnlic limit, diffuse scattering)
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Miniaturization of Normal-State and Superconducting
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zation of striplines beyond their present size in semiconduc- Evaluation of the surface impedance fr oppe r at 295 K

tor circuits can proceed without reduction of the conductor and niobium at 4.2 K is simplified by the fact that J and E

thickness but not without thinning the dielectric. we related by the local equation
As will be shown, both radiation and dielectric losses

become relatively less important compared to conductor j - oK. (2.2)

losses as the dielectric thickness is reduced. For the purpose
of this study, it thus proves sufficient to focus on the effects where a, is the complex conductivity. This local equation can
aaaciated with imperfct onductor. asumingl a losless be assumed because the mean free path I for normal electrons

dielectric and neglecting radiation. The effect of miniatmi- is short compared to all other dimensions in the problem.
ation is considered for striplines ade rmn three different Combining eq. (2.21 with Maxwells equations yields for the

conductors, copper at 295 K and 4.2 K and niobium at 4.2 surface impedance [11)
K. These conductors represent respectively, a normal metal
exhibiting the normal and anomalous skin effects (at the 2' - (ino/o-)*ncoth ((io-)" 2 dJ (2.3)
frequencies of interest) and a superconductor. The surface impedance thus follows once the conductivity is

To further simplify the calculations, we consider only the known. For copper a- is simply a real constant. For supercon-
TEM mode and the stripline width is taken to be much ducting niobium, a, is a complex, frequency-dependent
geater than the dielectric thickness, w >> s. such that quantity which we take to be of the form given by Mattis and
fringing fields can be neglected. These assumptions elimi- Bardeen [12]. The Mattis-Bardeen equation yields the con-
nate dispersion associated with the discontinuity in dielectric ductivity of a superconductor at a given frequency and
constant at the air/dielectric interface, an important source temperature provided two material parameters are known.
of dispersion for w comparable to or smaller than $ (9. 101. the energy gap parameter A and the normal state conductivity
One notes. however, that for the TEM mode such dispersion at the superconducting transition temperature o-,. A more
can be reduced to an arbitrary magnitude by overlaying the complete account of the application of Matis-Bandeen theory
stripline with a dielectric layer of sufficient thickness. to superconducting striplines has been given elsewhere [13).

Under the above assumptions the properties of a stripline In the derivation of eq. (2.3) for the case of infinite

follow almost immediately once the surface impedance of the conductor thickness, it is observed that the field amplitudes
conductor is calculated. In section 2. expressions for the decay exponentially with distance into the conductor. For a
surface impedance of both normal-metals and superconduc- normal metal the characteristic decay length is the classical
tore of finite thickness are reviewed. These expressions are skin depth
used in section 3 to evaluate the attenuation, phase velocity.
and characteristic impedance as a function of dielectric ( (w~so-/2)'. (2.4)
thickness assuming a fixed conductor thickness of I /&m.
Section 4 looks at the propagation of short pulses over various Because 8e decreases with increasing frequency there exists
lengths of stripline. a frequency above which 8, < I and a local relation between

J and E can no longer be assumed. At such high frequencies
the skin effect is said to be anomalous. For a superconductor.

2. Surface Impedance the decay length at frequencies less than the energy gap

The surface impedance required here is a quantity which frequency, 2A. is the penetration depth (14]

abstracts information about the penetration of fields into an X - Ocoth (A/2kT)/ lsAo'1)". (2.5)
infinite conducting slab of thickness d. Taking the surfaces
of the conductor as the planes z - 0 and z - d. the surface which, in contrast to 8e. is frequency independent. In the
impedance is defined for a sinusidal electric field K z4z. process of miniaturizing striplines. the depth of field penetra-
a, and current density J 2(z. ua)el by tion plays an increasingly important role as the dielectric

thickness is reduced.
'! 1 Zj/) E(E(O. ) (2.1) Because the mean free path of copper at 4..2 K can be long

&odJ.s. co) compared to both 8,, and d. the relation between J .d E
L assumes the non-local form (151

with the boundary condition that the magnetic field be zero J(r) 1d3 pp(p -Er + p)) p-4e'". (2.6)
at: - d as is appropriate for a stripline with w >> s. The 41rl f
real pan of Z,, called the surface resistance, accounts for
stripline losses and the imaginary part. the surface reactance, where we have assumed that the relaxation time r is small
contributes to the stripline inductance, compared to the inverse frequency, cor << I. Evaluation of
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I
the I ifmhpedmice. in this cme requins an additinl 1,a > . (q

the conducter sus... Of the two simp limis, diffuse
satmteriog and ,peoulasr nflection. the 6i e seem to T"he expomim, for the oudio. impedame of a mssml
v the bettr apuement -with expenmea 115] and has mtl ve above me valid either far I << 8, d (eq (2.311

and hen m eamd ap i the pisnm cclaSn ths or fo asbittay I and d a = (eq (2.81). The mmarical

adfmaxwescatteion lie tote1ufaepbe.wt solution of eq (2.7) and calculaion of the muracem impedance
di~m sctteingyied [51.for abivery 1. a4,, and d is discussed in the appendix. The

[I _ raning g neral ptpam was umd to obtam all ris fr
f 'E, u dI°L')K((z' - ,)/I )m l m ets is ed hee

di . (2.) Alhoagh the lS" do not fall offin a pecisuly ezposnia
K(u) =r 1 • way for the anomalous skin effect, it remains possible to

F P3 define a charactensc pentmain length. In neawl, the
distance over which the field amplitude deem is given by

where a - 3/2 L'/3CF. Router and Sondhimer [16] solved
this equation in the imit of infinite d and obtain for the 1 IZol
surfaece impedance O~L sZV(2.10), . ei.,] ,

Z 4I k ik()tl ] T In the local limit this reduces to 8, for a mmal metal and to
3 10 (2.8) x. i a isupaondactor. In the entem anomlouas limit. eq

2(s) - (1 + s) *(. (2.9) my be sed to obtain

Fora << l. (normal skin effect). this expession reduces to 8in (aesIm" (2.11)
the d - z limit of eq (2.31. For a >>1(ogr i anomalous
skin effect). Reuter and Soadheimer obtain so that the skin depth fhI > 3, is passer than e.

TA=a L .Vimi Posae..

eHIM'') An)u tw

C. 295K .Ux la &M x If"  2.34x t0 "

Cu. 4.2 K 2.94 x low L91 x 10- L19 x 10 - u

W.17o-lAM) AiNNV) Mdal

Nb. 4.2K .IST x 10' L x IV 1.48 L6 x 10

The material parametem of copper an niobium used hee The amured value of (.. 1.59 x I rI t5 a . was
am presented in table 1. The conductivity of copper at mom modified slighly so that eq (2.5 is ecdy samisfied.
temperature (17] is limited by phonon scattering ad all The real and imaginaryparts of the madfme impedance of
specimens hove nerly the same value. At 4.2 K scattering the thrme eample metals re shown in fgure 2 fi a metal
fom impurities and defects domise and, although the thiekness of I las. Bece the meen free path is much
conductivity can e m oe than 10' imes that at 295 K for ahorter than the film thickness. the - fc - impedance of
specially prepared samples. a residual resuitance raio of 102 copper at 295 K is described by the local onmsl. eq. (2.31.
is common for off-the.sehelf wires (18]. Here we assume. for frequeneies below about 3 x 10 Ha. Above this
perhaps optimistically., that the conductivity at 4.2 K is 500 e ... the c laseical skin depth is saller tha the ma

times the room temperature value. M mean bee path hi free path and the skin effect is anomaous. At mAfacientlv
derived from the fact that 0/1 is approximately constant for a low frequencies 8, is large compared to the conductor
given material and has a value of 1.54 x 10' s irl m-2 for thickness and eq (2.3) reduces to
copper [II. The relaxation time is cakvlated W1 1

Z,in +*i wsd. I 4C d << 4. (2.13)
" Inll,. (2.12) cod 3

wheo the Fermi velocity vr is 1.6 x 10 m/s for copper fL 1]. This equation. which results when the electric field is
Material pameer for d niobium am b"sed uniform acem te conductor thicknmem. scemos, hi the
on the thin-film nesmuremeors of Henlkei and Kirher f19). impedance of cppr at 295 K and below out 4 x 10' Ha
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Sthu does not depend on the somewhat arbittwily chosen
100. residual resistivity ratio. If. for example. the resistivity ratio

had been taken as 5000 rather than 500. the onl% ignificant
2. change in the surface impedance would be a aix-fold decrease

in R{ z] below 2 X 100 Ha. These consideratioin have been
10' 2 Cit.e.2x t discussed in detail by Keyes eta1. [4).

Below the energy pip frequency. 7.2 X 10" Hz for Nb at
4.2 K. the surface resistance of a superconductor ts orders of

. magnitude umaler than that of a normal metal. In a stnpline

the mualler surface resistance reswAlt in lower attenuation.
Also. the surface reactance below the energy gp vanes as

104 1 ""/ making it appear exactly as an inductance. This property
Ia' M E)1 yields a stripline with very low dispersion. Above the energy

FRE~tiENu (r pp, a superconductor behaves like a normal metal of

FiGtaz 2. Th reW tsmi litrj and onepmra conductivity cr.
idaAhed luw pans of the shfiak vupmoewor I sn
thck flm qoCOppwr at 295 K and 4.2K and awbum
• f4.2K. 3. Propagation Constant and Characteristic

The nmdat foe co at 42 K mdast lqumu.e abre

iO0 H.o be mwou. w. if. emit at nim. Impon

The propagation constant - and characteristic impedance
Z, of a stripline can be expressed in terns of the series

shown in figure 2. At higher frequencies 8. becomes snul impedance Z and shunt admittance Y of a unit length of line.

compared to d and eq 2.3 reduces to
yVZI. (3.1)

Z,-,l + i)(-'' I/ l<< 8, << d. (2.14)

= z"a (1 Z ZY. 13.2)

In this limit the electric field decays exponentially to a small where Z and 1Y for w >>s are in turn f[l]value before reaching; the back surface of the conductor.

At 4.2 K the mean free path of copper is sufficiently long s 2
that X is comparale to I even at 2 x 104 Hz. Thus, the 1V . 33
anomalous skin effect is exhibited over the entire frequency

range of figure 2. The relaxation time is sufficiently long at Y - ioite . (3.4)
4.2 K that owr is unity at 100 Hz (compared to 7 X 101 Hz s

at room temperature). Pippard (15] has shown, however, that
in the extreme anomalous limit, relaxation-time effects a The first term of Z is the inductive impedance associated

important only when wr is considerably preater than unity with the magnetic field in the dielectric region and the

and in the present case need not be considered for frequen- second term accounts for penetration of fields into the

cies less than about lO" Hz. Since the relaxation time has conductor. Y is the capacitive admittance between the strip

been neglected. the results shown in figure 2 for copper at and the ground plane. In the following calculations a relative

4.2 K are probably not accurate above this frequency. As at dielectric constant e of 4 is arbitrarily assumed. Note that -Y

room temperature. the surface impedance at 4.2 K depends is independent of w while Z. is proportional to 1/ti. Thus.

critically on whether the skin depth is greater or less than both y and L can be calculated without specifying the

the conductor thickness. The break point occurs when 8.
d or about 2 X 10' Hz. Below this frequency. Z, is given by stripline width. The power attenuation in decibels per length
an equation similar to eq (2.13) in which the bulk conductiv- a, 5 and the phase velocity v, are related to the real and
it, a is replaced by an apparent conductivity & that accounts' imaginar pats of y by
for the effect of finite conductor thickness on the mean free
path [201. In the present case. the apparent conductivity is c = C, Re(Y[. 13.5)

0. 13 times the bulk conductivity. At frequencies above 2 x r, oi/m-y].
10' Hz we have 8, << 1. d and eq (2.91 applies. As can be
easily verified from eq (2.9). the surface impedance in this where C,, - 20 logioe. The properties of a stripline thus
region depends only on oil. a constant of the material, and follow from the surface impedance of the conductor.
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The phase velocity. stieouaatio. and characterisaic imped.
Allce of a nie. tmpitinr copper 5toiplil@e i~i shw in
fiui 3 for a conductor thickness of I im, and a dielectricNo
thickness ranging frm 200 jim to 0.2 Aim As the dielectric
thickness is reduced toward 0.2 jLm. the line becoms highly 0
dispersive anid 1mesaad develops a characteristic impedance
for firom the real. frequency-indepeadent impedance of an-

* ideal line. As a function of frequency the degradation of a a b i

rue mhof line due to loss and dispersion inrae with 7

increasing frequency. This increas in dispersion is lees thanWI

obvious since the phase velocity approaches a constant at 41I
high frequencies but will be explained presently. Problems,
with impedance matching ame reduced at high frequencies an
the characteristic impedance approaches a real constant. 0

A better understanding of the results shown in figure 3 can
he obtained by reviewing approximate expressions for -y and
Z. applicable in the four regions, bounded by dotted lines.4
These regions ame defined by 1

1. d. < < 8,

11. d << 8 << 49 102

Ill. 8,<<s,d On

IV. i <<8, <<d 9 10

and result from the two possible forms for the surface
impedance. eqs 12. 131 and (2. 14). combined with two 1-2
possibilities for the series impedance of eq 13.3). either 1

resistive or reactive. Of the four regions. I, 11, and Ill are of
principal interest here since condition IV is satisfied only for
the 0.2 jimn dielectric case over a narrow range of frequen-

ce.300 a b c
The asymptotic forms for the phase velocity in the regions I

of interest are -

1 w0 i id~ .! 200r, 8, 8,1 (3.7)

[1 0

Ill. i', - 2 O O sd 1813.9) IQ 10100 11

where correction terms have been indicated in brackets. AsF.;g .Pae ~vy FEueiato. a#
figure 3 indicates, approximations 1. 11. and Ill become valid "daMe lip pan olt
at sucsieyhigher frequencies. In the lowest frequency fs~ ie n mpetaae- qI i 9 oprsn~

range r, is proportional to %/- and goes to zero at zero With I OMn conslucto, thickness.
frequency. If. however, one consider, the phase shift that Results wehown tors ahMemo, dielleme comsuant of 4

andelmthuckinsof 200 punas.2Ops. bs 2 pm.
results because the low frequencies travel at a velocity less cmi. and 0.2 eun id). Domed lines divide dhe paphas .1phase
than the high-frequency asymptotic velocity then for a fixed ,velocai, and attenuation ito epos ohtMv simple appmoe.

assi equisions hold. Cziules.. qus., and mansies mark
*~ length of line t~ this phase shift points atwwh ,- 8, ',7 AMd6 d. MOW1eot..
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alao gm to orto at we firequency as', Thus. dispeion 1, 1 fl
at low requirciesi iomt the problem that figum Aests. 2s~- ;j
.At somewhat higher frequenc sos &,. bscomes less than 4S7 1. -

aid apprelsaotiom I applies. in this tr ra approaches In the limut of low hnquencies the real and impaiarv pars of
the asymptotic valui (I - dI3ja Ivr . with a coretin Z.both divesp as 1/.,Z The sgnficance oi this divergence
tem which decreaws as U- with increasing frequency. relas to the duction of the transmion lane to a smple
Finally.a 8 , aem ess than d a well as. . ro approaches resstor at low fi, qumie . For 8, < J. d the real Pot of Z.

I/4MA'E. with a correction term of -8 el2. Because this
trm goes as /4/' the phase shift .16 g. as , 4 and appmaches its high frequency as mptoe. -s ay--"e..

disperion effects increase with U juat as a very Low t imaginary part e to seeo. The ction term to the
frequenies. Also note that the correction ter sprpon. iona real pan ts 8,121 so that the dielectnc thickness durectl,
to 1/a so that thin di-lecmecs enhace daspersmion. influences the abilitv to match impedances uter a *Wde rang

The attenuation can be approximated in the regions of of frequenciesintres byequnc K
innterst by. The properties of copper and niobium striplnets at 4.2 K

am shown in figure 4. again for a conductor thickness of I
'1 I dt I sdl #m and dielectric thicknesses ranging from 200 #&un to 0.2

do, 8 3.10) ]-m. Compating copper at 295 k and 4.2 K show that the
3 500 fold increase in conductivitv which might result from
cooling leads to substantial amprovements. esleca1Iv at low
frequencies. These improvements becomes less significant at

14 fd.i frequencies approaching 3 x 10' : Hz. vhere the skin effect
C~ /s. ~ ~ a. 13.111 becomes anomalous even for copper at 295 K. The superior-

oSd 3 s 4 81 iLty of a superconducting stnpline at frequencies below, 2.'h

is at once apparent from figure 4. In this region i,, t
independent of frequencyh. aa is orders of magnitude below

/11. af" t3.1.the attenuation for a normal conductor, and the characteristic

s 2- impedance is a teal constant. Above 7.2 x 10 ii Hz all If
these desirable properties disappear as the superconductir
begins to behave like a normal conductor.

As a function of frequency, ati increases as -4 at very low As for the normal skin effect case at 295 K. sample

and very high frequencies with a frequency independent approximate formulas can be derived for the properties of a
plateau in between. As a function of dielectric thickness. strpline in the extreme anomalous limit. The regions of
caq always increases with decreasing dielectric thickness, approximation ame defined as for the normal skin effect
either a 1/v oras 1/s. except that 8, is replaced bv b.. These regions can be

Lastly. the characteristic impedance as approximated by located in figure 4 by using the points marked wiih cattles,
18.- s i. squares 18. . and tnangdes 18. 1 v as
guides.

! + sdAt frequencies less than 24/ A simple appniximations also-z. e + 3 2 exist for the parameters of a superconducting stplane (11.
13.13) 131. The phase velocity is

'L 'coth . w << 2.1 h. 13.lb
Id z8--V O' seevM.EE,

w cc, 3 s 8 While this equation is similar to eq 13.91 for a normal metal.
18  _11 43.14- it differs critically in that X. as opposed to 6,. is independent

-i 3 s + of frequ.ncy. Thus, as decreases i. also decreases but

remains frequency independent. The attenuation is
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___ k d\" to t.. For the striplines considered here A <« j. dand the
a -dI C &.Ae 2' () ate coah t ion is proportional to /a. The characteristic imped-

13.17) ance is

I (c. th << 2&/P,. ;, (+
XZ. I +-coth < 2/A. (3.18)

where a, is the real part of the conductivity. Because a, is
only weakly frequency dependent. a," is nearly proportional which like z* changes with s but remains frequency inde-

pendent. The inaginary pat of Z. is negligible. Thus, for
& << 2A/A, the only serious deterioration of superconduct-
ing stripline properties with miniaturization involves the
attenuation.

Before discussing how the transmission of pulaes is af-
fected by stripline properties, we briefly examine the two

- .... sources of loss. dielectric and radiation. which were ne-
glected in the above calculations. Dielectric losses occur

, when * has a non-zero imaginary part such that e = E' +
I ti'. Assuming e" << e' and a perfect conductor IZ, 01.
the attenuation due to dielectric loss is

0 1
(I do Cots V m' G W. (3.19)2r

For many materials e' and e"are approximately independent
of frequency and aws increases roughly as . For good
dielectrics e"/e' is typically 10- at 10' Hz (211 yielding, for
a' - 4. an attenuation of 0.2 dB/m. Because this attenuation
is independent of s. the conduction losses will always

0  dominate for small enough s. As can be seen from figures 3
and 4. conduction losses at 10l Hz are greater than 0.2 dB/
m for all the normal-state lines considered and for the
superconducting lines with s' - 2 p~m and 0.2 gam. Because
0.2 dB/m represents a small loss over distances typical of a
microcircuit, neglecting dielectric loss will not affect the
conclusions of section 4.

00 1, 1 \ A comparison of radiation and conduction losses is com-
I I plicated by the fact that radiation losses cannot be converted
..................... to a loss per unit length. radiation being associated only with

S ' . discontinuities in the line. In order to estimate the impor-
X'" tance of radiation we consider the Q of a haLf-wae open-end

. .....\ stripline resonator. Radiation from this structure has been
." \ calculated by a number of authors, most recently by van der

\\ \ -Pauw [221. Assuming it >> s >> & van der Pauw's result
\, _for the ) due to radiation losses reduces to

,. -- I 17e" 12se - l (3.20)
F'v.rn 4. Graphs dos o .. ,m '!;lm 3 Jaw ra' 2 3 "3

41 J4 K I a4ad Isom in Im daaug ' Ior /av InZ./,
a#, %,abwaw 4.2 K Aa d, ,mAsh *aop/ar Inm where (s) - nYr'(v'V*. e is the resonant frequency and ( is
[Z-1, the length of the cavity. The 9 due to conduction losses forF~w -ppwm. ea,.* saio ad m wm mw ith*

n"m Me . 11. . + A. - 4. on,.4." the same resonator is
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QC = 
/A OW0, ]  (3.21) While the load at the ends of a microcircuit stripline is not

2Re(Z.] infinite, the radiation from a matched or shorted end is a
sizable percentage of that from an open end [241. Thus

If the characteristic impedance is held fixed (w/s constant) radiation losses may well be important at gigahertz frequen-
then Q t increases with miniaturization and Q c decreases. cies for dielectric thickness greater than 20 Am.

Davidheiser [231 recently noted this fact and determined the A further consideration omitted from the present calcula-
dielectric thickness at which the Q of a superconducting tions regards the propagation of modes of higher order than
resonator is maximum. Since the ratio Q s/Q c decreases with the assumed TEM mode. Such higher.order modes become
increasing (o.for both the normal and superconducting cases, possible at frequencies sufficiently high that a half wave-
there is a resonant frequency above which radiation losses length is comparable to the cross-sectional dimensions of the
dominate conduction losses. This breakpoint frequency is stripline (10l. Assuming w >> s the cutoff frequency is
given in table I for the various striplines considered here
assuming ic/s - 10. For the 0.2 and 2 Am dielectrics, the
breakpoint occurs at frequencies higher than those of practi- = I'!w /rve 0 . (3.22I

cal interest and radiation losses can be neglected. For the 20
and 200 Am dielectrics, radiation begins to become impor- such that for e = 4 and ' - 200 Am the cutoff is at 4 X
tant at frequencies around 10'0 Hz. Since the wavelength is 101 Hz. Thus. even for striplines of large dimensions in the
1.5 cm at 10i Hz for E = 4. microcircuit striplines could be context of microcircuits. the higher-order modes are impor-
of the right length to approximate a half-wavelength antenna. tant only at frequencies above those of immediate interest.

TAsi.z It. Fquenrv f Hzj at umhch radation and condutoam i am equa jor a hoa.-wam owa-ended snine resonator mah wis - 10 and e =4.

S 1jrm 0.2 2 20 200

Cu. 5 K 2.0 X 1013 1.3 x 10 8.0 x 10o0 5.0 X I0
Cu. 4.2K 1., X 10y3 8.9 X 101, 4.6 x IWO 2.4 x tt

iNb. 4.2 K 2.6 x 1013 1.7 X 10O, 1.4. X 10r 3.2 x itr

IV. Pulse Propagation L

The evaluation of a stripline from the standpoint of pulse +. +
transmission follows from a knowledge of y and Z. but is Rs L V L

sufficiently complicated that simulations prove valuable. In
this section we consider the propagation of Gaussian pulses
over a stripline of length t using the circuit shown in figure -
5. The sourceiload impedance Rt, is matched to the asvmp- STRIPLI1E

totic high-frequency value of Z . in the case of a normal-state FicURE 5. C~rcuttbr aflbs oftpui trafu'rissiof.

stripline

, Rt, 1 - 4.0 ( 4.3)

where the standard deviation r measures the pulse width.
rand in the superconducting case is matched to the low- Taking the Fourier transform obtains

frequency impedance

X R-('i( )c t 112 4 )s ) = ) " ' . ( 4 .41

U +so that the frequencv spectrum is also Gaussian %tth a
standard deviation %a = /r. Solving the circuit of figure 5

The degree to which a voltage pulse V., is faithfully repro- for the sinusoidal steadv-state yields
duced across the load is affected both by -y. in the dispersion
and attenuation of the line. and by Z.. in reflections at the t /s = ( 2 cosh ye
interface between the line and the source or load due to\ 45)
imperfect impedance matching. + w - sinii y)

The Gaussian pulses consldered are of the form RL A
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S m. s laa soaa .1 i* iai

t 4

So .Us T SO's *.s

' .

S..5 0*50ss O& *O.Lp

MZO 0 200 400*2 0 2 4 .2o N a 2W 4MC -Z 2 4

Tl' I. t 0. is TIME. t-t.. Ps

Fmitz 6. PPaOMs AfGaaiuhaa a cvs ww a d1 K FI29S XT. Goopim c nsiegew taqw. 6.fr a cspa iuw mi 4.g K.
naMW dLitemn dac~ i. isutiu. nao pai ,uldn.

Pr t ta MR fW 6M lI..p of am tsesws.. 0.1 cM s 1 M
dmk "d 10 CM Id6L CW.. k Omfneav COMsIn Wah mm pli eaw
# LS x 10, we a tW-M M.-u tat a pulse traveling at the asymptotic high-rquency

-phase velocity 'diAl would always be centered at the orgin.

The results shown in the left column of figures 6 and . are
so tht the pule eceive at the l es the form for a pulse of - 50 pa or roughly at the upper limit of

speed for present digital circuits. If we arbiuariy require

that a pulse be received with at least 80 percent of its original
1tt , (i) /i rV.If dco e ' y t  amplitude to be useful in digital applications, then we see

14.6) from figure 6 that fors - 120 ium. 2 .m. and 0.2 A.m useful
R'f [ i'z, R, -1 stripline lengths am less than 10cm. 1 cm. and 0.1 cm.

× Re lel- 2 coash -, + ( R - sinh V9 respectively. Thus. the performance of a roon-temperature
copper stripline with a dielectric thickness of 2 gm or less

Numerical evaluation of the above integral was used to can be a limiting factor even for lengths typical of microcir-
determine the shape of a pulse after traversing various cuit dimensions. At 4.2 K this situation is improved by an
lengths of stripline. Since R L and Z ,ae both proportional to order of ma#Wtude in that a dielectric thickness of only
1/w these calculations do not depend on the stripline width, about 0.2 gim yields lines of sufficient quality for digtal

The results of such simulations for copper striplines at 295 mict circuits.
K and 4.2 K am shown in figures 6 and 7. For a given Theoretical arguments indicate that it may be possible to
dielectric thickness and initial pulse width, pulses ae shown generae pulses with widths as short as 1 p. using supercon-
as they would appear after traversing smplines of length 0. ducting devices (2S]. The propaption of such a pulse on

.. 0.1. 1. and 10 cm. The time origin for each tce has been nomal-state ttiplines is shown in the tight column of figures
shifted b. an amouit 6 and 7. using a r of 0.5ps to give a full width of about 1 ps.

In going from .-" 50 ps to r, 0.5 p. one notes that the
,.a (' s(. (4.7) distortion of the shorter pulse is much the same as that of the
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longer after propagating only one tenth the distance. Thus. For a short RC line eq (4.5) reduces to
for r - 0.5ps, a copper line at 295 K suitable for digital
microcircuits requires more than 20 /sm of dielectric and at V s R,

4.2 K recuire. more than 2 Am. 2RL + fR
Further insight into the transmission of pulses is gained by

examining four limiting situations in which the transfer where we have assumed R - VZ7. That is. in the short RC
function of eq (4.5) can be simplified. To do this we limit the transmission line can be replaced simply by a
introduce the series resistance R and inductance L of a unit resistor of value R. The complicated behaviors of y and Z,

- length of line defined by indicated in eq (4.10) thus combine to give the expected low-
frequency result, If the A4 of a pulse satisfies the conditions

Z - R + i(aL (4.8) of eq (4.12), then the pulse is received with reduced

and the shunt capacitance C per unit length defined by amplitude but unchanged shape. The reduction in amplitude.
becomes significant if the line is long enough that M R is

Y - ittc (4.9) comparable to RL. For copper at 295 K the length of line for
which eR - RLis

For the striplines considered here both R and L are in general
frequency dependent. The four limits to be discussed result = ffi rd 4.-3)
from two different possibilities for Z in combination with two 2 ee"
possibilities for the length of the line. If the resistive part of
Z is much larger than the reactive part then L can be so that the useable length increases in proportion to s and d.
neglected and we describe the line as being an RC line. The For d = 1 tm and e = 4. this length varies from 0. 11 cm at
propagation constant and characteristic impedance of the RC s - 0.2 Am to 11 cm at s = 20 /am. One concludes that at
line are least 2 Am of dielectric are required to make striplines show

sufficiently small amplitude reduction. This is the same
conclusion that was drawn from the r - 50 ps pulses of

= (1 + i)T/RTC/2. figure 6 and for good reason. The frequencies below which
(a<< RIL (4.10) the various normal-state striplines can be considered RC

Ze . -1 Q i) N/W/-2(oC. lines are listed in table Ill. Since for r = 50 ps. .Am - A!
27r is 3 x 100 Hz. the 295 K lines with s - 0.2 Mm and 2

These forms are precisely those which lead to the low- Am are on the border between RC and LC lines. Moreover.
frequency divergences shown in figures 3 and 4 for normal- we shall see that the transfer function of eq (4.12) also

state lines. Because Re[Z ] < <  m(Z ] for a superconductor, applies in the short LC range so that, with the exception of

no similar RC behavior occurs in this case. When the those pulses displaced from the origin, all the 50 ps pulses
of figure 6 show the amplitude reduction predicted by eq

reactive part of Z is much larger than the resistive part the (412.
line is said to be an LC line and we have At 4.2 K one can define a useable length for copper lines

R lR 1 *at low frequencies similar to that of eq 14.13) but with o"
,-Iii /L"C[ + replaced by 6'. This length varies from 7.4 cm at s = 0.28 Mm to 740 cm at s = 20 Am. so that the low-frequency

u> > RIL. (4. 11) characteristics of cooled copper lines should be very good for
R lengths typical of microcircuits. As can be seen from table

S= -i 2ca/.... Ill, however, frequencies considered low are in this case

considerably less than those characteristic of a r" = 50 ps
such that -y is nearly pure imaginary and Z0 is nearly real. pulse.
The length of a line will be called short or long depending on For a long RC line the frequency response is limited by
whether I yI << 1 or Iy'e I >> 1. the RC time constant of the line. The traster function is

TAU Il. Frequency 'z, at which the resistive and reactiwe pams of the sene, impedance Z are equal for simplines with d - I mW. 4. and ranom
dieiettnc thicknesss.

s 40MI 0.2 2 20 200

Cu. 295 K 6 X 109 1.3 x 109 2.1 x 101 2.1 X 10'
Cu. 4.2 K 7 X 101 2.5 x 1O 3.2 x 101 3.2 x 10'
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puoeshw h vii(rimono2 imedai W vared by theI VI,/ - V"Z .Rex(-,, %/W-2 ) 04 equa.. t ion w ith a. <,. d. Ithi m i
the attenumatin ad phase shif an pepiri to ""s/.

X -4 4 . e.j1 2 (4 .14 ) C -onc -l u si in d aito th ese & M f or'coPP s t  892 9 5 X c a

(4 hu be mde for filpue 7.

11RC « <4  RIL. An anaYsM of pus pROPeptM for supercmnducting
nibium is shown in fi e 8 forpulses with r" I Sl 0.5

which includes both attenuation and phase lag Impedance pm. For a psem with ri -50 pm thare ia no sipifican

mismatch causes the /=l Attenuation and the Z pi. distiom even aftr prpatin a distance O 10 cm
4 line with 0.2 pus of dielectric. Mm.- depad awO ia en-

The ptopephon constant contibutem the exponential tially negligibie for superconducting; lnm ut fre"usam-
aneoumion and the phase lag proportional to .The long RC eis involved begin to approach the eneW,-pp fpquency. at
limit describes the 50 p. pulse traveling the s - 0.2 m. e which point the spionecharaceristics degrade roapdly. The

1 cm line shown in Rpgme 6. increase in distartion between the I and 0.5 Ps pulses of

" In the LC limit. impedancemismatch is present onlyas a fium 8 is thunemsil as powat that between 50 and O.Sps

second-oimer effect and can be neglected. The trader pules om a normalt-ee sipline. The diatoricn evident in

function in this limit is figure 8 is primnily due to dispersion at firquemci somie-
what below the ener pp as discussed elsewhere in detail

"d eS -t [131. Comparison of figures 7 and 8 shows that a .upemcon-

2 \ .VL/C ducting Lin is marginally superior to a nurmal-state lin

ae enhr - 0.5 p. For longer pulses the superiority of
x exp I -i, /Z'c I+0-)] ,4.15) superconducting lines is beyond questd o.

,a >> R/L.

such that waves propaate with a phase velocity of very " - -

nearly 1//..X. An LC line is short provided t is mtuch less• .,•
than the wavelength. e << 1/e 4=. and in this case eq

(4.15) approximates eq J4.12). Thus. the short RC and LC
lines both can be simply modeled with a resistor.

Of the pulses shown in figure 6. all except the 50 pm pulse
on the 9 - 0.2 a line me described by the trmasfer function

for an LC line. eq (4.15). and the impedance mismatch can

be neglected. The propagtion of these pulses can be
explained in tms o the attenuation and diperon shown
in figre 3. Because A is 3 x 10 and13 x 10* H or r I. ho 5

and ad n apmately those of moon III. In this moon.

n x o by •. .

p roporti onal to fco an inceae in aenatio of a 0 pm g

pulsefom 3 x m line is coparable tothato 0.5ppulse
onfa2o m lne. Aimilar conuehion e an be drawn for the

p.ase velocity.. sw eq (3.9a indicates, the deviation of

(rmn its high-frequency vale is poporional to 1I,/a,. The '. ...'..,,.
phaeshr ave aenle th e dueitoathie deviatie n is . ,

u proportional to 11s . u coadenin of a pulse and

.. diapla i mlto is ek frm:t -: chanhgewith e anda just tIN(. t-t:. 5

u the tonu ion. linei c.omparablothat e afr0.li5em pa psK.
Thn a pr oximie n appliesiton la n te pusw in for th. Ia k'. . e fto,., as hw4Uemi

phas velocity AsS eq 1..91 iniats th deiaio of wo a . t'o

e fgue 7 frrocpprat4.2 K. For frequencies typicalothe ,ismp.rop.t.o.,,,mm.u ..
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V. Appondix G,(s. V) a,1+ 1[U2+ ii - 4)eN + I u3 - 6u)& I jul
3 6IThe numerical solution of eq (2. 7) and calculation of the 1vE(,] A4

surface impedance for general 1. 8,. and d follows a method + 6 [v2 - v- 4)er-( 3
-6) 1 )] (A)

presented by Mason and Gould [261 for the superconductingJ case. Applying the transformations of Mason and Gould to eq The above procedure gives accurate results using a small
(2.7) yields num~vber. of integration points except when the depth of field

d penetration is small compared to d. In this limit. however. d
EW Fd + - dz ,z' can be taken as infinity and the Reuter.Sondheimer result.

I L eq (2.8). adopted in place of the integral equation.
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A superconducting sampler for Josephson logic circuits
C. A. Hamilton, F. L Lloyd, R. L Peterson, and J. R. Andrews
Elocomageuic T w D s om. Natioial Sm,, ofStadads Bulder. Cokwude 80503

(tceived 9 july 1979; accepted for publication 20 August 1979)

A method is described for automating a technique which is used to sample transition duration
(rise time) in superconducting logic circuits. The method is based on measuring the time at which
a biased Josephson junction switches under the influence of an applied signal. The system
transition duration is limited primarily by time jitter which is estimated to be 7 ps. Transition
durations of as little as 9 pg have been observed.

PACS numbers: 74.50. + r

The characterization of Josephson logic circuits often when the current 1, plus the bias current b exceeds I,1. The
requires the measurement of very fast low-level signals. Such output of J 2 is transmitted to room temperature and sam-
measurements are difficult to perform because of the loss of pled at time t. The sampled voltage is compared with a refer-
bandwidth for signal transmission to room temperature. ence level, typically 1 mV, by applying the reference as an
Also, standard sampling oscilloscopes have transition dura- offset voltage to the sampling head amplifier. The difference
tions (rise time) of about 20 ps whereas high current density signal from the sampling head amplifier is integrated by in-
Josephson devices switch in times less than 10 ps. It is there- verting amplifier A l and used to drive the sampling time
fore desirable to provide for high-speed measurements di- base input. Thus, if the sampled voltage is below the refer-
rectly on the superconducting logic chip. This may be ac- ence level, the integrator output increases, advancing the
complished by using a biased Josephson detector as an sampling time to the point where the signal equals the refer-
amplitude discriminator for the signal to be measured.' 2  ence. If the sampled voltage is greater than the reference, the
This detector will switch to the voltage state when the signal sampling time is decreased in the same way. This servo loop
plus the bias exceed the detector critical current. Since the thus causes the sampling time to lock to the point at which
bias and the critical current are known, the signal level at the the rising edge of theJ 2 transition crosses the reference level.
time the detector switches can be determined. Thus, by mea- The time base input is therefore a measure of the time at
suring the delay in the detector output as a function of bias, which J 2 switches, i.e., the time at which!, equals I, - I,
rising edges on the signal may be mapped out. This has com- As 1. is slowly swept by the ramp generator (- 30-s sweep
monly been done' by recording traces of the detectoroutput time), the X-Y recorder, which plots - 1b versus sampling
for a number of values of bias. The signal may then be com- time, will trace out the rising portion of the transition in I,.
puted point by point. This method is somewhat tedious and Since the sampling rate (60 kHz) is much greater than the
may yield erroneous results if the time base used drifts dur- servo loop frequency response. noise and time jitter in the

* ing the measurements. Since time-base drift may be as much sampling system are averaged. The 600-ps delay line on the
as several ps/min, it is a serious problem for ultrafast IC chip provides isolation to separate theJ 2 transition from
measurements. cross talk between input and output lines at the chip mount.

Typical sampling oscilloscopes used to record the de- The timing network and analog switch pull the bias to zero
tector waveform have an external time-base input which between samples to reset the junctions to the zero voltage
may be used to specify the sampling time. By driving this state.
input from the sampled voltage, the sampling time can be The advantage of this method lies in the fact that it can
locked to the steepest portion of the detector output wave- measure transition durations which are substantially faster
form. The time-base input, therefore, is a measure of the than the transition duration of either the chip mount (- SO
detector switching time. The signal waveform is thus repro- ps) or the sampling scope (- 20 ps). The measurable transi-
duced by sweeping the bias and recording the bias versus the
time-base input. This method yields the signal waveform di-
rectly and in a time short enough to minimize drift problems. RAIM 9/ -

Figure I shows in more detail how this is accomplished.
The superconducting integrated circuit is shown in the
dashed box. It consists of a first junction J I which serves to 0Ith OS A -- AO

produce a very fast signal transition which is then sampledI G .

by the second detector junction J 2. The sequence is as fol- L - . "- - - -
lows: a tunnel diode step generator operating at 60 kHz ap- 7, ?T

plies a repetitive 200-ps transition duration step to junction TIN

J 1. When itscritical current I, is exceeded, J I switches toits - -
energy gap (2.5 mY) in a time determined primarily by its S, Iwu,

critical current and capacitance. This applies a signal cur- FIG. I. Block diagram of the transition duration measurement system uti.
rent!, through the 8-Dl resistor tojunctionJ 2.J 2 will switch lizing a Josephson junction as an amplitude duscriminator.
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FIG. 2. Simulation of the signal voltage waveform (solid curve) and its with critical current density of4200 A/cm

reconstruction (dashed curve) baaed on the use of a second junction as a
sampling device. The time scale of the reconstructed curve has been arbi- 2 ps (R , is the junction normal state resistance).' The effect
tranly shifted to bnng the two curves together. The simulation parameters
are !, - 2.9 mA. C, = 4.8 pF, I, = 1.45 mA, C. - 2.4 pF The input of jitter is roughly equivalent to passing the signal through a
is a I-mV/ps ramp. low-pass filter of rise time equal to the jitter width.

Figure 3 is a photograph of the integrated circuit used in
this experiment. It is a seven-level circuit which uses a lead

tion duration is limited primarily by thejitter in the sampling alloy process similar to that described in Ref. 5. The junction
system. The accuracy of the recorded waveform is also sub- areas are approximately 40 and 80 um2 as indicated. The
ject to the assumption that the detector junction waveform is microstripline showing at the left is a small portion of the
constant and that its delay depends only on the instant at line used to obtain 600 ps of delay in the output signal. The
which its critical current is exceeded. These assumptions will parameters used in the simulation of Fig. 2 are taken from
break down at sufficiently high speeds. The most significant measurements on this circuit.
error results from the fact that the turn-on delay' of J 2 is a Figure 4 is the experimental transition duration data
function of overdrive. Thus for low bias values (signal near recorded for this circuit. The two traces, recorded about one
maximum), theJ 2 transition has some additional delay. This minute apart, are for increasing and decreasing bias. They
has the effect of making the recorded waveform slightly are different because the sampling time drift decreases the
slower than the actual signal. apparent transition duration in one case and increases it in

Figure 2 is the result of a simulation of our circuit. The the other. Assuming constant drift, the correct transition
solid curve is the computed signal voltage produced by J 1. duration (10%-90%) will be the average, or about 9 ps. This
The dashed curve is the computed result which the above result represents the combination of the signal transition du-
described method would produce in the absence ofjitter. The ration estimated to be about 5 ps and the jitter limited system
error caused by variable turn-on delay is evident in the in- response of about 7 pa.
creased separation of the two curves near the signal maxi- A second experiment was performed in which the
mum. The fine structure caused by Josephson oscillations is switching transition of J I was intentionally rolled off by an
also washed out. The critical current density of both junc- on-chip RC filter. In this case the recorded waveform was
tions is 4200 A/cm' giving them an estimated R vC time of the expected exponential rise. The time constant (3.7 ns)

matched the filter to the accuracy with which the filter com-
ponents were known (30%).

It is important to note that the very fast switching speed
reported here is only one part of the delay which occurs in
logic circuits. Gheewala' has used a chain of gates to mea-
sure logic delays of as little as 13 ps.

This work is supported by the Office of Naval Research
2 U 4under Contract No. N00014-79-F-0020.

'Hans H. Zappe. IEEE 1. Solid State Circuits, SC-0. 12-19 (1975).
-D.J. Herrell. IEEE Trans-Map. MAG-1O. 864-467 (1974).

a u'E.P. Harms. IEEE Trans-Magp. MAG-1I. $62 (1979).
__dl - 'This RC time is accurate to about a factor of 2 and was taken from R.E.

80 tJ,2  INPT AHaris and C.A. Hamilton. AlP Conf. Proc. ".44-458 (1971).
'. Greiner. S. Basavatah. and I. Ames. J. Vac. Sci. Techno. it. 81-84I(1974).

FIG. 3. Photograph o the Superconducting integrated circuit. IT.R. Oheewala. Appl. Phys. Len. 34. 670 (1979).
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Quasiparticle heterodyne mixing in SIS tunnel junctions
P. L. Richards and T. M. Shen

Department of Physics. University of California. Berkeley. California 94720

R. E. Harris and F. L. Lloyd

National Bureau of Standards. Boulder. Colorado 80303
(Received 5 October 1978; accepted for publication 20 December 1978)

The rapid onset of quasiparitcle tunneling current in superconductor-insulator-
superconductor (Josephson) junctions at voltages above 2%/e is being used for
millimeter-wave heterodyne mixing. Junctions with a 2-Am diameter and R! = 50 fl
have little capacitive shunting at the signal frequency of 36 GHz. Because there is no

series resistance, residual capacitance can be tuned out. Double sideband conversion
efficiencies of 0.32 and mixer noise temperatures as low as T, < 7. K = 4h v/k have
been observed. The results are compared with shot-noise-limited mixer theory. Photon-
assisted tunneling effects are seen which indicate the approach to photon-noise-limited
operation.

PACS numbers: 07.62. + s, 74.50. + r

The ideal nonlinear element for a classical heterodyne In principle, a superconductor-insulator-superconduc-
mixer is a switch which can be driven between high- and low- tor (SIS) tunnel junction approaches the ideal switch limit
resistance states by the local oscillator (LO). At microwave more closely than the super-Schottky or related devices be-
frequencies, Schottky diodes with I- V characteristics of the cause the singularities in the density of states on both sides of
form I = I,[exp(SV) - 1] are often used for this purpose. the junction cause an extremely sharp onset of qusiparticle
Conventional Schottky diodes have S = e/kT = 40 V at current at the full gap voltage 2./e. In practice, the S values
300 K and somewhat higher values at reduced temperatures, thus far obtained from Pb-ln-Au alloy junctions in the 1.5-

The nonlinearity in such diodes arises from thermally acti- 4.2 K temperature range are comparable to an ideal
vated conduction and disappears at temperatures low Schottky at - 1.3 K. An important feature of this device is
enough that tunneling currents dominate. The super- the absence of series (spreading) resistance. External micro-
Schottky diode' which operates by quasiparticle tunneling wave circuit elements can thus be used to resonate out the
between a superconductor and a semiconductor has junction capacitance. Since there are always practical limita-
S = II 600 V at T = I K. Such a sharp corner on the I-V tions to the amount of capacitance which can be resonated, it
curve is advantageous for small signal recievers at short mil- is useful to inquire to what extent capacitance can be made
limeter and submillimeter wavelengths because of the diffi- unimportant by adjusting junction parameters. As the junc-
culty in obtaining large amounts of LO power at high fre- tion oxide thickness is reduced. R v decreases exponentially
quencies and because LO noise problems are reduced. Low- while C increases linearly. Consequently, the importance of
temperature operation also gives low mixer noise. The maxi- junction capacitance remains nearly constant if the normal
mum operating frequency of these Schottky devices is set by state conductance per unit area, or, equivalently, the critical
the requirement that the junction capacitance discharges Josephson current density J, is scaled in proportion to fre-
through the series (spreading) resistance of the semiconduc- quency. We have wCR lv:1 at 36 GHz for junctions with
tor twice each cycle. critical current density J, = 10' A/cm. In order to maintain
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FIG. . Diagram showing the junction configuration and the arrangemnt
of the junction in t he 36GHz mixer block. FIG. 2. Static I-.Vcurves are shown above for a 1.5 K junction (a) without

and (b) with P1L1 Plots of IF amplifier output voltage in the frequency range
from 30 to S0 MHz are "shown as a (unction of junction bias voltage. Curve
(c) was obtained with a S0-fl 1.5 K load in place of the mixer: curve (d) with

suitable impedances for input and output coupling, the junc- a matched 1.5 K load in front of the mixer: curve (e) with a calibc~tted 36-
tinae utb cae nesl ih rqec.Te GHz signal applied to the mixer from a Klystron oscillator. Values of mixertionare mut bescaed nveselywit frqueny. he eed noise temperature were deduced from (c) and (d), and conversion efficiency
for very small junctions at high frequencies could be avoided from (e).
by using several junctions in series. This would also increase

i I the saturation level of the device. Since SIS junctions are
.being actively developed for other applications, a wide va- which the substrate was placed were varied periodically to

ety of junction parameters have been obtained. Junctions provide an rf choke. An adjustable stub 3,A/4 in front of the
have been reported with high enough current density' to junction and a plunger behind it completed the low-tempera-

I give good performance up to 900 0Hz. beyond which mix- ture microwave circuit. Signal and LO power from carefully
ing action will be degraded by the breaking of superconduct- calibrated 36-GHz Klystrons were combined in a l0-dB di-
ing pairs. rectional coupler and introduced into the cryostat through a

IThe Pb-In-Au alloy junctions used in these experiments section of stainless-steel waveguide. Three identical 50-i?
were fabricated at NBS, Boulder, using the photoresist lift- stainless-steel intermediate-frequency (IF) cables were in-
offrand rf sputter-oxidation techniques.' The junction geom- stalled in the cryostat. One was terminated with a short cir-
etry is shown in Fig. I. The first electrode was evaporated to cult to measure IF cable losses, one was terminated in a SO-i?

* a thickness of 4100 A on a Si substrate and subsequently cold load to provide a noise source for calibrating the IF
covered with a 4500-A-thick square of SiO. The SiO was amplifier train, and one was connected to the mixer. A direc-
then removed in the area of the desired junction and the tional coupler was used to inject a signal into the mixer out-
dto.Fnlya500Atikoutretrdwaade. ithIFfeunybnof3-0Mzwrmaeuigucinoxide wsgonb differential sutrn and oxi- pu to evaluate its coupling to the IF system. Measurements

A 0.28 x l.0x 19-mam strip containing a single junction and string of transistor amplifiers with TF 50 K followed by a
Jits leads was separated by cleaving from the 40 junctions spectrum analyzer.

produced on each S-cma-diam. Si wafer. The junction areas The!r- Vcurve of an SIS junction at 1.5 K is shown at the
were varied from - 2x×2to - 4X×4/umto provide arange of top of Fig. 2 with FLo ---O0and also with PLO adjusted for

Iimpedances. optimum conversion efficiency. The knee of the I- V curve

IJ The juncion assembly was placed across a full-height corresponds to S = 9800 V" compared with 7730 for an
,K-I-band microwave waveguide in the E-field direction as ideal superlSchottky at the same temperature. The conver-
*shown in Fig. I. The outer dimensions of the channel in sion efficiency and the noise in an 515 mixer are plotted on

.PN

TABLE I. Properties ot two SIS mixers operated at 1.5 K. The noise temperatures and conversion efficiencies are referred to a single sideband. The
experimental errors are given as 50%i confidence limits.

(E(p.) (Theory) (Ep.) (Theory)

(A/Lm() (C) (K) (K)
30 100 2 ,,14 3.1 0.16±0.02 0.16

710 52 1.4 25±+9 6.1 0.I1 5-0.02 0.11
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1
the same voltage scale at the bottom of Fig. 2. ForO < V< 1.3 higher conversion efficiency = 1.3 at the same frequency.'
mV, the response is dominated by hysteretic Josephson mix- The apparent ease with which operation can be extended to
ing which is very noisy.' In junctions with larger values of higher frequencies appears to be an advantage over the GaAs
zero voltage current, this response (and noise) was as much super-Schottky diode. The full benefit of this mixer will not
as one order of magnitude larger than shown, but could be be obtained unless an IF amplifier with TIF - I K can be
suppressed with a magnetic field, developed.

Above 1.3 mV mixing occurs because of the two regions This work was supported in part by the U.S. Office of
of curvature on the quasiparticle I- Vcurve. The noise in this Naval Research.
voltage range is small and is independent of magnetic field.
A periodic modulation of the quasiparticle mixing appears
due to photon-assisted tunneling because the range of volt-
age occupied by the knee of the static I-Vcurve is compara- 'F.L. Vernon, Jr.. M.F. Millea. M.F Bottjer, A.H. Silver. R.J. Pedenen.

and M. McColl. IEEE Trans. Map. MAG-IS. 221 (1977).ble to hv/e. This is the quantum correction to mixing calcu- .R.F. Broom. W. Jutzi. and ThO. Mohr. IEEE Trans. Magn. MAG-II. 755
lated by Tucker and Millea.' The properties of two SIS (1975).
mixers are shown in Table .' The mixer performance has 'J. Niemeyer and V. Kose. Appl. Phys. Lett. 29. 380(1976).
been calculated from the static I- V curve in each case using 'A. Description of the fabrication techniques and oginal references can be

found in R.H. Havemann. C.A. Hamilton. and R.E. Hams. J. Vac. Son.
classical mixer theory and assuming that the capacitance has Technol. 15. 392 (1Q78).
been resonated out at the signal frequency, but that the ca- 'Y. Taur. I.H. Claassen. and P.L. Richards. Appl. Phys. Lest. 24, 101
pacitance short circuits all harmonics.' This is a reasonable (1974).
representation of our experiments because owCRv; 1. The 'J.R. Tucker (unpublished).
calculated values of conversion efficiency are in good agree- 'The general concept of this mixer and a preliminary measurement of con-

version efficiency were mentioned briefly in a previous publication. P.L
ment with the measurements. The calculated values of T,1 , Richards. Future Trends in Superconductive Electonics. edited by B.S.
assuming only shot noise, are somewhat less than the mea- Deaver. Jr.. C.M. Falco, J.H. Hams. and S.A. Wolf(American lnstitue of
sured values. Physics. New York. 1978). p. 223. The most important new result reported

here is the demonstration that Josephson effects do not degrade T.. The
The present performance of the SIS mixer is sufficiently measured noise is comparable to that expected from shot noise in the quasi-
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